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Summary
SUMMARY
Compartmentalization of cell membranes, in particular of the apical membrane of columnar
epithelia, is the topic of this thesis. The first part characterizes the apical membrane and its
specialized organization and morphology, whereas the second part focuses on the formation of this
unique plasma membrane domain during epithelial polarization.
The apical membrane of columnar epithelia is enriched in glycosphingolipids, a class of lipids that
are known to interact with cholesterol to form liquid ordered domains, also termed “rafts”, in cell
membranes. Imaging the apical surface of untreated and raft lipid depleted MDCK cells with atomic
force microscopy revealed that raft lipids are involved in the formation and/or maintenance of
microvilli, actin based protrusions of the apical plasma membrane, indicating a regulatory link
between membrane domains and the cytoskeleton. Furthermore, antibody patching and
photobleaching experiments performed during the work of this thesis suggest that the organization
into raft and non-raft domains is very different in the apical membrane of MDCK cells compared to
the plasma membrane of a fibroblast. In fact, the data support the hypothesis that the apical
membrane could be a percolating raft membrane in which rafts constitute the major phase and non-
raft domains exist as isolated entities.
The second part of this thesis analyses the segregation of apical and basolateral membrane domains
during epithelial polarization. This segregation can either be achieved by generating scaffolded
domains prior to junction formation, or by polarized secretory and endocytic membrane traffic after
the establishment of cell junctions. While most apical and basolateral marker proteins in MDCK
cells follow the latter mechanism, this thesis reports that the apical marker gp135 is confined to the
dorsal face already in single attached cells. The unknown antigen was purified and identified as
podocalyxin. Analysis of a series of domain mutants revealed that the C-terminal PDZ-binding
motif of podocalyxin is mainly responsible for its special localization, which it shares with the PDZ
protein NHERF-2. Knocking down podocalyxin by RNA interference resulted in retardation of cell
growth and epithelial polarization. Taken together, the data suggest that podocalyxin and NHERF-2
could be part of an early apical polarity scaffolding system based on PDZ-binding and PDZ-
containing proteins.
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ABBREVIATIONS
AFM atomic force microscopy
AP adaptor protein
APKC atypical protein kinase C
ASIP atypical PKC isotype-specific interacting protein
Baz bazooka
BGN Benzyl-N-acetyl--D-galactosaminide
BHK baby hamster kidney
BSA bovine serum albumin
CCD charge coupled device
cDNA complementary DNA
CFTR cystic fibrosis transmembrane conductance regulator
Crb crumbs protein
CRB3 mammalian homologue of the crumbs protein
DABCO 1,4-Diazabicyclo(2.2.2)octane hydrochloride
Dlg discs large protein
Dlt discs lost protein
DNA deoxyribonucleic acid
DRM detergent resistant membrane
EDTA ethylene-diamine-tetra-acetic acid
EGF epidermal growth factor
EMK1 ELKL motif kinase-1
ER endoplasmic reticulum
FcRI human IgE receptor
FCS fetal calf serum
FRAP Fluorescence recovery after photobleaching
FRET Foerster’s resonance energy transfer
GFP green fluorescent protein
G-MEM MEM with Glasgow’s salts
GPI glycosyl-phosphatidylinositol
GUV giant unilammelar vesicle
HA hemagglutinin
ICAM-1 intercellular adhesion molecule-1
IgE immunoglobulin E
IgG immunoglobulin G
JAM junctional adhesion molecule
LAT linker of activation of T cells
LatB latrunculin B
LUV large unilammelar vesicle
MALDI matrix assisted laser desorption/ionization
MbCD Methyl--cyclodextrin
MDCK Madin Darby canine kidney
MEM minimal essential medium
MLV multilamellar vesicle
MS mass spectrometry
NHE3 Na
+
/H
+
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+
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Abbreviations
NSF N-ethylmaleimide sensitive factor
Pals1 protein associated with Lin-7 (1)
Par3/Par6 partitioning deficient 3/6 protein
PatJ Plas1 associated tight junction protein
PBS phosphate buffered saline
PC phosphatidylcholine
PCR polymerase chain reaction
PDZ domain PSD-95/Dlg/ZO-1 domain
PE phosphatidylethanolamine
PFA paraformaldehyde
PI(3)P phosphatidylinositol-3-phosphate
PI(4,5)P2 phosphatidylinositol-4,5-bisphosphate
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RNAi RNA interference
RT room temperature
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shRNA small hairpin RNA
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S-MEM MEM for spinner culture (Ca
2+
-free)
SNAP soluble NSF attachment protein
SNARE SNAP receptor
Std stardust protein
TGN trans-Golgi network
Tm melting temperature
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VSV vesicular stomatitis virus
WGA wheat germ agglutinin
YFP yellow fluorescent protein
ZA zonula adherence
ZO-1 zonula occludens-1
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1 INTRODUCTION
As much as organisms have evolved to subdivide their vital functions over several organs, their
basic units, the cells, were compartmentalized long before. Each cellular organelle is formed by a
biological membrane that separates its lumen from the cytoplasm and thus generates its own
environment for specialized chemical reactions. The membranes lining subcellular compartments
usually have different protein and lipid compositions and participate to a great extent in the specific
function of the organelle. The membrane itself is again compartmentalized into subdomains with
specific functions, e.g. adhesion plaques in the plasma membrane, exit sites for biosynthetic cargo
on the endoplasmic reticulum (ER) and the Golgi complex, or specialized sorting domains on
endosomes. A second principle leading to a more elaborate organization of the cell is provided by
cell polarization. Virtually all eukaryotic cells are able to polarize, i.e. to create a directed
asymmetry in the organization of their cytoskeleton, their intracellular organelles and intracellular
transport, and their plasma membrane proteins and lipids. How specialized membrane domains are
formed, is the focus of this thesis.
1.1 Cell membranes
Cell membranes are dynamic assemblies of a variety of lipids and proteins. The fluid mosaic model
put forward by Singer and Nicolson (Singer and Nicolson 1972), in which the lipid bilayer was
mainly regarded to be a solvent for proteins, has been proven to paint a too simplistic picture of a
cell membrane. Lipids were found to be asymmetrically distributed between the two leaflets of the
bilayer, and also lateral inhomogeneities have been described (Devaux and Morris 2004). The first
part of this introduction will summarize the recent advances in membrane biology. Following a
general description of the chemical properties of cell membranes, the unique features of the apical
membrane of columnar epithelia will be described.
The lipid bilayer is a two-dimensional fluid, meaning that lipid molecules seldomly exchange
between leaflets but are mobile within the leaflet. This mobility consists of two parts, the
“translational freedom” of a molecule, i.e. its lateral mobility, and the “configurational freedom”,
i.e. the ability to flex parts of the molecule and rotate bonds in its carbon backbone. Synthetic
bilayers change from a liquid state with high translational and configurational freedom into a rigid
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gel state at a characteristic freezing point. Cell membranes at physiological temperatures are always
in the liquid state, but can contain regions with high configurational order, as will be described
later. The main lipid components of cellular membranes are glycerophospholipids, with the most
abundant species being phosphatidylcholine (PC) in the exoplasmic leaflet and
phosphatidylethanolamine (PE) and phosphatidylserine (PS) in the inner leaflet, as well as
sphingolipids with glycosphingolipids and sphingomyelin (SM) mostly localized to the exoplasmic
leaflet. Cholesterol, the third lipid class, is present in both leaflets. These lipids are differentially
distributed between cellular organelles. The endoplasmic reticulum and the Golgi-complex contain
mainly glycerophospholipids and only small amounts of sphingolipids, whereas the plasma
membrane is relatively enriched in sphingomyelin and glycosphingolipids (Allan 1996). Also
within the membrane plane of one organelle lipids are believed to be inhomogeneously arranged.
Caveolae, small invaginations of the plasma membrane, are enriched in glycosphingolipids (Tran,
Carpentier et al. 1987), and phosphatidylinositol-3’-phosphate (PI(3)P) is concentrated in
subdomains of early endosome membranes (Gillooly, Raiborg et al. 2003). Furthermore,
membranes are differentially susceptible to extraction by cold, non-ionic detergents like Triton X-
100 or CHAPS, with some proteins and lipids being completely solubilized and others forming so
called “detergent resistant membranes” (DRM; reviewed in Brown and London 1998). These
findings suggested that cell membranes contained microdomains in which lipids would be more
tightly packed and thus not be accessible to the detergent. These microdomains were later termed
“rafts” and were described to display a liquid ordered phase containing predominatly
glycosphingolipids, a subset of proteins and cholesterol (Simons and Ikonen 1997). DRMs are no
longer believed to represent a 1:1 correlate to rafts (London and Brown 2000), although it was
recently shown that the lipid composition of the material extracted from model membranes with
Triton X-100 at 4°C resembles the composition of the liquid ordered phase at 37°C (de Almeida,
Fedorov et al. 2003).
1.2 The apical membrane of columnar epithelia
Columnar epithelia lining the kidney, intestine or pancreas are composed of a single layer of
polarized cells. They have evolved to create stable apical and basolateral membrane domains which
are sealed off from each other by a tight junction barrier. While the basolateral domain of columnar
epithelia faces the underlying extracellular matrix and the blood supply, the apical membrane is the
9
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one facing the lumen of the renal tubules, of the intestine, or of the pancreas. Considering the
chemical environment the apical membrane is facing, i.e. digestive enzymes like lipases, acidic pH,
bile salt detergents, it becomes obvious that this membrane domain has to be particularly robust.
It has long been known that apical and basolateral membrane domains have a distinct protein
composition (Balcarova-Stander, Pfeiffer et al. 1984; Herzlinger and Ojakian 1984; Lisanti,
Sargiacomo et al. 1988). Much effort has been spent on deciphering the transport pathways taking
apical and basolateral proteins to their respective membrane domains. To date, the basolateral
pathway is understood in much more detail than the apical pathway. Basolateral proteins carry
sorting motifs in their cytoplasmic tails that specifically bind to clathrin adaptor complexes AP-1B
or AP-4. Basolateral targeting signals are dominant over apical signals, which appear to be diverse
and can comprise N- or O-glycans on the lumenal side, as well as PSD-95 (post-synaptic density
95) / Dlg (discs large protein) / ZO-1 (zonula occludens-1) (PDZ) domains on the cytosolic side
(reviewed in Mostov, Verges et al. 2000 and Mostov, Su et al. 2003). In order to retain its barrier
function, the apical membrane can not be diluted with the “wrong” lipids and proteins. It thus seems
rational that carrier vesicles filled with basolateral cargo are very strictly sorted away from the
apical plasma membrane.
Also lipids are distributed differently between the apical and the basolateral membrane. The lipids
found in the basolateral membrane resemble those found in the plasma membrane of an unpolarized
cell. Interestingly, the apical membrane contains a much higher proportion of glycosphingolipids
than the basolateral membrane (Simons and van Meer 1988). In the brush border membrane of the
intestine, glycosphingolipids account for more than 30% of the total lipid amount (Danielsen and
Hansen 2003). Considering that they reside exclusively in the exoplasmic leaflet, more than 50% of
the lipids in the exoplasmic leaflet should be glycosphingolipids, and together with cholesterol they
should leave very little space for glycerophospholipids. Glycosphingolipids have been proposed to
be uniquely suited for a stabilizing function, because they can form numerous intermolecular
hydrogen bonds between their headgroups, and between the amide bond of the sphingosine
backbone and the hydroxy group of cholesterol (Pascher 1976; Simons and van Meer 1988).
Furthermore, glycosphingolipids mainly contain two long saturated acyl chains, as opposed to
glycerophospholipids which usually contain unsaturated hydrocarbon chains (Barenholz and
Thompson 1980). The saturated acyl chains have been proposed to pack tightly with cholesterol to
form a liquid ordered phase, which would provide additional stability to the membrane.
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Taken together, cell membranes can exist in a fluid and in a liquid ordered state. A coexistence of
these two states in the form of raft and non-raft domains or phases has been proposed to accomplish
a compartmentalization of the plasma membrane that could be used to regulate membrane traffic,
signalling and other enzymatic reactions (Vaz and Almeida 1993). However, it is still possible that
the apparent phase separations mentioned above were induced by the detergent treatment
(Heerklotz 2002) rather than pre-existing, and thus the question whether phase separation occurs in
cellular membranes is still under debate. The following paragraphs will describe what is known
about phase separation in model membrane systems as well as in cell membranes, and give a short
introduction into how raft domains are believed to function in cells.
1.3 Evidence for phase separation from model membrane systems
Various model membrane systems have been used by physicists and chemists to study phase
behaviour in lipid mixtures. They are either monolayers or bilayers. Monolayers are either
assembled on an aqueous phase with the packing density of the lipids being adjusted by applying
lateral pressure, or on a supporting lipid monolayer that is fixed to a solid support (e.g. mica, an
anorganic material used for atomic force microscopy (AFM) imaging). Bilayers are used in the
supported version as described above, or in the form of vesicles. The most commonly used vesicles
are large or giant unilamellar vesicles (LUV or GUV, respectively) composed of only a single
bilayer, but also multilamellar vesicles (MLV) are used. Previously, the lipid mixtures applied in
model membrane studies were not physiologically relevant, but recently, mixtures more closely
mimicking the composition of the plasma membrane have been used. Usually, work is done on
binary or ternary lipid mixtures containing one lipid with a high melting temperature (Tm), one
with a low Tm and cholesterol. GUVs are probably the system closest to a cell membrane, because
artefacts from a support are excluded. Still, cell membranes are asymmetric with different lipid
compositions of the outer versus the inner leaflet, while the GUVs used so far were all symmetric.
Since maintaining an asymmetric lipid distribution is energy consuming, maybe by reconstituting
lipid translocators into liposomes, this drawback can be overcome in the future. Although model
membrane systems produce very simplified pictures of cell membranes, there are many examples of
a close correlation with experimental data obtained in living cells.
Ipsen et al. were the first to describe the formation of a liquid ordered phase by cholesterol and
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saturated phospholipids (Ipsen, Karlstrom et al. 1987; Ipsen, Mouritsen et al. 1989). This phase can
coexist with other lipid phases and its characteristics are described as follows: the lateral mobility
(translational freedom) of lipid molecules within the liquid ordered phase is similar to that in a fluid
bilayer state, whereas the order (configurational freedom) of the hydrocarbon chains compares more
to that in a gel state. The formation of the liquid ordered phase was attributed to the unique
chemical nature of cholesterol (Xu and London 2000), but later it was shown that all natural sterols
promote domain formation and that also small amounts of ceramide (3%) can stabilize domains
formed in vesicles (Xu, Bittman et al. 2001). Leventis and Silvius showed that the interaction of
cholesterol with different lipid species is dependent on the nature of their hydrocarbon chains and to
a lesser extent also on their headgroup. The interaction preference decreases with SM>PS>PC>PE
and with increasing unsaturation of the acyl chains (Leventis and Silvius 2001). Whereas the kink
in unsaturated hydrocarbon chains is likely to hinder tight packing with the flat sterol ring of
cholesterol, the preference for SM might also result from hydrogen bonding between the hydroxyl
group of cholesterol and the amide group of the ceramide backbone, a feature lacking in all
glycerophospholipids.
The first visualization of “raft domains” in model membranes was achieved by Dietrich et al.
(Dietrich, Bagatolli et al. 2001). They used synthetic lipid mixtures as well as lipid extracts from
brush border membrane, the apical membrane of intestinal cells, and visualized liquid ordered
domains in supported bilayers and GUVs. Domain formation was cholesterol-dependent, since
domains disappeared after treatment with the cholesterol-extracting drug Methyl--cyclodextrine
(MbCD). Another big step was the establishment of a ternary phase diagram of SM/PC/cholesterol
at the physiological temperature of 37°C (de Almeida, Fedorov et al. 2003) (figure 1). It predicts
the co-existence of liquid ordered and liquid disordered phases for a wide range of compositions
mimicking those occurring in the plasma membrane of cells. Most domains observed in model
membranes are rather large, i.e. several micrometer in diameter, or they start small when they are
being formed and then continuously grow by collision and fusion (Veatch and Keller 2003).
Contrary to this, raft domains in cells are believed to be small (see below). Interestingly, Foerster’s
resonance energy transfer (FRET) measurements on vesicles composed of a ternary lipid mixture
mimicking the outer leaflet of the plasma membrane revealed inhomogeneities, i.e. domains, of
sizes in the tens of nanometer range at 37°C (Silvius 2003). Large domains were observed with the
same lipid mixture only below 20°C.
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Figure 1: Expected ternary phase diagram of a sphingomyelin (SM) / phosphatidylcholine (PC) /
cholesterol mixture at 37°C (from De Almeida et al., 2003).
Circles are experimental points. The dashed phase boundaries indicate that they are not derived from
experimental determinations, but instead were extrapolated from experiments in binary systems at 37°C and
in the ternary system at 23°C. The purple point marks the 1:1:1 composition and the green point marks the
2:1:1 (SM/POPC/cholesterol) composition. The main feature of the diagram is a broad liquid ordered
(lo)/liquid disordered (ld) phase coexistence region over a large range of compositions. POPC = palmitoyl-
oleyl-phosphatidylcholine; PSM = palmitoyl-sphingomyelin; Chol = cholesterol;  = mole fraction; lo = liquid
ordered; ld = liquid disordered; so = solid ordered.
A slightly different interpretation of liquid-liquid immiscibilities observed in model membranes
was put forward by McConnell and colleagues. They argue for a formation of “condensed
complexes” between cholesterol and SM rather than a liquid ordered phase or domain. The name
originates from the observation that cholesterol and SM occupy less surface area when mixed
together compared to the sum of the areas occupied by each component alone before mixing. Such a
complex is supposed to contain 15-30 molecules with a fixed stochiometry of 2:1 (SM:cholesterol).
These complexes could exist in quite high concentration without necessarily leading to a phase
separation with the unfavourable effect of having to form phase boundaries that are likely to cause
impurities in the system (reviewed in McConnell and Vrljic 2003). However, the condensed
complex theory was developed on monolayer membranes and has not yet been validated for
bilayers.
Taken together, there is clear evidence for lipid driven domain formation in model membrane
systems mimicking the outer leaflet of the plasma membrane. On the contrary, domain formation
13
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could not be observed in lipid mixtures mimicking the inner leaflet of the plasma membrane (Wang
and Silvius 2001). The intermolecular forces leading to phase separation are hydrogen bonding
between the hydroxyl group of cholesterol and the amide group of SM, weak dipolar interactions
between sphingolipids, van der Waals interactions between saturated acyl chains and cholesterol, as
well as forces like hydrophobic shielding or the “umbrella effect”, described for cholesterol filling
the holes left between the acyl chains of glycosphingolipids with large headgroups. However, none
of the systems described so far included proteins in their analysis, and the question remains whether
proteins choose the domain they partition into, or whether they organize a domain around them.
Partitioning experiments have been performed, in which proteins were reconstituted into model
membranes, and their phase distribution was analysed. In this way, glycosyl-phosphatidyl-inositol
(GPI)-anchored placental alkaline phosphatase (PLAP; Schroeder, London et al. 1994) and Thy-1
(Dietrich, Volovyk et al. 2001) were shown to partition into the liquid ordered phase, and the chain
length of the GPI-anchor was shown to be important for the partitioning of the protein (Benting,
Rietveld et al. 1999). Similarly, peptides modified with prenyl groups were excluded from liquid
ordered domains, while peptides modified with cholesterol or palmitoyl chains partitioned
significantly into the ordered phase (Wang, Leventis et al. 2001). Partitioning studies with synthetic
transmembrane peptides revealed that longer transmembrane domains are incorporated better into
liquid ordered domains than shorter versions (McIntosh, Vidal et al. 2003). Another important
determinant for the partitioning behaviour of a molecule is the size and the orientation of its dipole
moment (Estronca, Moreno et al. 2002). The size and orientation of the dipole moment of a
molecule can be calculated by summarizing the spatial distribution of electron densities within the
molecule. In a bilayer, the dipole moments of the lipid molecules are oriented with the negative
pole facing the aqueous interface and the positive pole being embedded in the centre. Consequently,
the membrane dipole moment is stronger in ordered phases where all dipoles are aligned. Only
molecules displaying a dipole moment parallel to that of the membrane are predicted to be able to
enter the ordered phase.
1.4 Evidence for phase separation in cell membranes
Most evidence for phase separation in cell membranes comes from studying proteins, not lipids.
Pralle et al. measured the local diffusion of a bead attached to a single protein molecule in the
14
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plasma membrane of fibroblasts within an area smaller than 100 nm in diameter (Pralle, Keller et al.
2000). In this way, diffusion was not hindered by cytoskeletal constrains but was supposed to be
free. Proteins previously shown to be resistant to detergent extraction diffused three times slower
than detergent soluble proteins. After cholesterol depletion, the former diffused as fast as the latter.
The first group of proteins was thus assumed to reside in a raft environment and diffuse together
with the whole raft entity. After destruction of this entity by cholesterol extraction the proteins
behaved as if they were diffusing in a non-raft environment. From the viscous drag, the size of the
raft entities was calculated to be roughly 50 nm in diameter. Extrapolated from average protein and
lipid densities in cell membranes, one raft entity was calculated to contain roughly 3000 lipid
molecules and 10-20 proteins.
Remarkably, Prior et al. come to a very similar size for raft domains formed in the cytoplasmic
leaflet of the plasma membrane using a completely different technique (Prior, Muncke et al. 2003).
They ripped plasma membrane sheets off adherent cells and labelled them with gold-coupled
antibodies against H-Ras and K-Ras, supposed to reside inside and outside of raft domains,
respectively. Statistical analysis of the distribution of the gold particles revealed that 35% of H-Ras
labels were clustered in domains of roughly 44 nm in diameter. These domains were cholesterol
dependent. Furthermore, clustering of GPI-anchored green fluorescent protein (GFP-GPI) in the
exoplasmic leaflet resulted in co-localization of the H-Ras clusters with the formed patches, but did
not change their size. However, also 20% of the non-raft protein K-Ras were found to be clustered
in domains of 32 nm in diameter, although these domains were cholesterol independent. H- and K-
Ras had been reported to occupy distinct domains in the plasma membrane before (Zacharias,
Violin et al. 2002). Recently, single molecule imaging of H-Ras revealed cholesterol and actin
dependent domains as large as 250 nm (Lommerse, Blab et al. 2004), indicating that the observed
domain formation might be a combination of a lipid and a cytoskeleton mediated phenomenon.
An often applied technique trying to visualize raft domains in vivo is FRET. Hetero-FRET,
detecting energy transfer between two different fluorophores has not proven successful (Kenworthy
and Edidin 1998; Kenworthy, Petranova et al. 2000), most likely because the probability that donor
and acceptor would be in the same microenvironment is very low. Recently Mayor and coworkers
refined their previous analysis (Varma and Mayor 1998) using homo-FRET, i.e. energy transfer
between two fluorophores of the same kind, to study clustering of GPI-anchored proteins in the
plasma membrane (Sharma, Varma et al. 2004). Measuring the anisotropy decay over time, they
15
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find that 20-40% of the GPI-anchored proteins are present in small complexes of 2-4 molecules
while the rest is randomly distributed as monomers. The limitation of FRET measurements
becomes obvious in these studies. The technique gives information about “closeness” on a very
small scale (5 nm), but is not suited for visualizing bigger entities. The small complexes detected by
Sharma et al. could well reside in larger rafts, but this would not be accessible in the FRET
experiments. In fact, GPI-anchored proteins have been shown to form bigger entities in the apical
membrane of epithelial cells. Complexes of roughly 15 molecules could be detected after chemical
crosslinking on the apical surface (Friedrichson and Kurzchalia 1998). The drawback when trying
to visualize raft domains by looking at proteins is always the danger of inducing clustering. This
criticism applies to the chemical crosslinking as well as to numerous single particle tracking studies
not mentioned here. Recently, Gaus et al. could visualize liquid ordered domains in living
macrophages on the light microscopic level without previous crosslinking (Gaus, Gratton et al.
2003). They applied two-photon imaging of the lipid dye LAURDAN which changes its emission
peak depending on the state of its lipid environment. If the dye is applied in small amounts so that it
can be ruled out that the probe itself changes the lipid environment, this could be a good approach.
The fact that raft domains are hard to visualize in vivo has led to a number of alternative
explanations, mostly describing smaller entities and, most important, describing the formation of
these entities as a protein driven, induced event. The smallest entity was proposed by Kusumi and
colleagues, who see rafts as molecular complexes of at least three membrane components, one of
which comprises a saturated acyl chain or cholesterol. Stabilized raft domains only form by
clustering following stimulation (reviewed in Kusumi, Koyama-Honda et al. 2004). Anderson and
Jacobson have put forward the lipid shell hypothesis, in which roughly 80 lipid molecules are
supposed to surround a raft protein and form a shell of 7 nm diameter (Anderson and Jacobson
2002). The shells would be thermodynamically stable structures resulting from specific binding
interactions between protein and lipids and could target the protein into larger raft-domains. Why
the raft-protein has to assemble a shell of raft-lipids around it before it can enter a raft-domain
remains an open question.
One explanation for the formation of small and transient domains in the plasma membrane lies in its
composition. In contrast to ternary lipid mixtures in model systems, the plasma membrane is
composed of hundreds of different lipid species and, in addition to that, a variety of proteins.
Viewed over a large scale, the complexity of the plasma membrane should counteract phase
16
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separation, average out impurities, and in fact protect the cell against rapid phase transitions in
response to small changes in the environment. If every fusion or budding event would lead to a
phase transition, it would be hard to prevent leakages through the bilayer and keep the membrane
tight. Even though a cell membrane can never be at a thermodynamic equilibrium like a model
membrane, an overall “ground state” can be achieved by buffering fluctuations. Viewed on a
smaller scale however, the picture can look very different. Local impurities or changes in
membrane composition can allow coalescence and separation of domains containing reaction
partners and thus provide a regulatory principle.
1.5 Raft domains are clustered to exert their function
While the steady state existence, size and shape of liquid ordered domains in cells is still under
debate, agreement is reached on the fact that raft domains coalesce upon clustering to form
signalling platforms and possibly also sorting platforms (Lafont, Lecat et al. 1998; Cheong,
Zacchetti et al. 1999; Simons and Toomre 2000). Clustering can be achieved artificially by
antibodies, or physiologically by multivalent ligands binding to surface receptors. The initial
crosslinking event is thought to induce a multimerization of contacts between raft proteins and
lipids, which leads to a potentiation of the formerly weak interactions. The previously small raft
domains coalesce and form patches that are visible in the light microscope (Harder, Scheiffele et al.
1998). Co-clustering of lipids was first observed in lymphocytes, where one ganglioside species
was capped with antibodies and another species was found to redistribute into the cap (Spiegel,
Kassis et al. 1984). It was then shown that clustering of an antigen in the exoplasmic leaflet can
lead to co-clustering of a protein in the cytoplasmic leaflet of the membrane. Patching of the GPI-
anchored PLAP lead to a partial co-patching of the src-kinase fyn in the cytoplasmic leaflet of BHK
cells (Harder, Scheiffele et al. 1998). Cross-correlation analysis revealed co-distribution of an inner
leaflet raft protein with FcRI transmembrane receptors that were crosslinked by binding of their
multivalent ligand IgE, as well as with antibody crosslinked raft markers of the exoplasmic leaflet
like the GPI-anchored protein Thy-1 or the ganglioside GD1b (Pyenta, Holowka et al. 2001). The
finding that clustering does not only lead to lateral coalescence of small raft domains in the
exoplasmic leaflet, but also in the cytoplasmic leaflet, strengthens the hypothesis that clustered raft
domains provide a platform for bringing together signalling complexes and propagating signals into
the cell (reviewed in Harder and Engelhardt 2004). Interestingly, also in symmetric model bilayers,
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liquid ordered domains have always been observed to coincide in both leaflets (Dietrich, Bagatolli
et al. 2001; Kahya, Scherfeld et al. 2003). How the connection of the inner leaflet and the outer
leaflet is achieved, still remains an open question. Interdigitation of the often long fatty acid chains
of glycospingolipids has been proposed to enforce a higher order also in the cytoplasmic leaflet.
Alternatively or additionally, transbilayer coupling could be achieved by transmembrane proteins.
The coalescence of small raft domains into bigger platforms and thus the kinetics of building
signalling or sorting complexes should depend on the ground state of the membrane. One major
question still is whether the plasma membrane is composed of different phases. There might be a
multitude of domains with a diversity of compositions (Pike 2004), but are they just variations of
the same theme and could the plasma membrane be described in very simple analogy to model
systems with the coexistence of an ordered and a disordered liquid phase? The apical membrane of
columnar epithelia is in this regard especially interesting since it contains a significantly higher
amount of raft lipids in its exoplasmic leaflet than the basolateral membrane or the plasma
membrane of a fibroblast. This poses the question whether the domain organization of the apical
membrane would be unique as well. Figure 2 displays a model of a two-phase system.
Figure 2: The percolation model (adapted from Vaz and Almeida, 1993).
The model depicts a sytem with two co-existing phases, in which the pink phase is dispersed into small
domains. Increasing the mass fraction of the pink phase (p) will lead to the addition of more small domains,
until at a critical mass ratio, the singular pink domains will fuse to form a continuous phase. This process is
called “percolation”, and the minimal mass fraction at which a phase for the first time becomes continuous is
called the “percolation threshold” (pc). It depends on the properties of the system, especially on the shape of
the domains.
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One phase is in the mass minority and forms isolated domains (pink), while the major phase forms a
continuum (blue). Increasing the mass fraction (p) of the pink phase by bringing in more of its
components leads to formation of more and more small pink domains, until at a certain mass ratio a
threshold (pc) is crossed, when the pink phase suddenly becomes the continuous phase and leaves
the blue phase to form isolated domains. The phenomenon of a phase going from isolated domains
to a continuum is called “percolation”, and the mass fraction at which a formerly discontinuous
phase for the first time becomes continuous is termed the “percolation threshold”. The threshold is
dependent on the shape of the domains as well as on the physical properties of the system. The
reformulated question would thus be: Is the apical membrane a percolating raft membrane?
1.6 MDCK cells as a model system for studying domain formation
The Madin-Darby canine kidney (MDCK) cell line, derived in 1958 from the kidney of a normal
cocker spaniel (ATCC-CCL34), has proven a good model system for a columnar epithelium.
Cultured on filter supports, the cells display morphologically distinct apical and basolateral
domains with the former containing numerous microvilli, and a phenotype of “leaky epithelia” with
a paracellular ion permeability route controlled by tight junctions (Cereijido, Robbins et al. 1978).
Proteins and lipids are sorted onto different biosynthetic routes in the trans Golgi network (TGN) to
form the respective plasma membrane domains (Boulan and Pendergast 1980; Griffiths and Simons
1986; van Meer, Stelzer et al. 1987), and intracellular organelles as well as the cytoskeleton are
rearranged upon formation of the epithelium. The two centrioles no longer organize the microtubule
network and instead migrate to a site below the apical membrane. The microtubules form a network
underneath the base of the microvilli on the apical side and longitudinal bundles parallel to the
apical-basal axis in which the minus ends are directed towards the apical membrane. As the final
event during the polarization process, a primary cilium emerges from the apical membrane, using
one of the centrioles as its basal body (Bacallao, Antony et al. 1989). Since MDCK cells display all
basic features of columnar epithelia, they are well suited for studying the organization of the apical
membrane. Furthermore, one can ask the question how this unique membrane domain is established
in an epithelial cell. The remaining part of the introduction will summarize what is known about the
key players and mechanisms establishing epithelial polarity.
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1.7 Epithelial polarization
All vertebrate epithelia are derived from a process called mesenchymal-epithelial transition,
whereby unpolarized, freely mobile cells of the mesenchyme engage into cell-cell and cell-
substratum contacts, form colonies in a process called compaction, and transform into a polarized
epithelial monolayer (reviewed in Li, Edgar et al. 2003). As reviewed by Nelson and colleagues, the
origin of epithelial polarization lies in a cortical spatial cue that is then propagated via the
cytoskeleton to the organelles of the cell (Drubin and Nelson 1996; Yeaman, Grindstaff et al. 1999)
(figure 3).
Figure 3: Epithelial polarization (from Yeaman et al., 1999).
A cortical spatial cue derived from cell-cell or cell-substratum contact establishes the polarity axis and leads
to the deposition of extracellular matrix at the attached surface domain. The axis is interpreted by
establishing an integrin and cadherin mediated signalling network that transmits the cue to the cytoskeleton.
The signal is then propagated, the microtubule network is rearranged, plasma membrane domains are
formed and the secretory apparatus becomes localized. Finally the polarity axis is reinforced and maintained
by protein sorting and vesicle traffic. Cells sketched in the lower right corner illustrate the phenotype of a
terminally polarized columnar epithelium, as can be observed also in MDCK cells cultured on filter supports.
The initial spatial cue is provided by intergrin or E-cadherin mediated adhesion to either a
substratum or another cell, respectively. The definition of the “attached” surface area at the same
time establishes the polarity axis and defines the “free” surface area on the opposite pole.
Extracellular matrix is subsequently deposited on the attached surface and a signalling network of
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integrins and cadherins is established that interprets the cue and transmits it to the cytoskeleton. The
signal is supposed to be propagated by cytoskeletal rearrangements like the assembly of a fodrin
network at the basolateral membrane and the reorientation of microtubules, and lead to the
formation of membrane domains and the localization of the secretory apparatus. The cells elongate
by expanding their lateral membrane. Polarity is then reinforced and maintained by protein sorting
and vesicular traffic. This model is widely accepted and cited, also because it is very general. It
does not specify the temporal sequence of events leading to epithelial polarity, nor does it include
the involved molecules. Genetic studies in model organisms like Caenorhabdits elegans and
Drosophila melanogaster have described a number of mutants that cause defects in polarization.
Recently, three protein complexes have been identified that act together to establish epithelial
polarity in the fly and most likely also in vertebrates.
1.8 PDZ protein complexes regulating epithelial polarity
Several regulators of epithelial polarity have been found in Drosophila melanogaster, but only now
are the interaction partners and their hierarchical organization being unravelled. Epithelial
polarization is under the control of two apical protein complexes and one basolateral complex. One
apical complex contains bazooka (Baz/Par3/ASIP) together with atypical protein kinase C (aPKC),
Par-6, and in mammalian cells also Cdc42 and the junctional adhesion molecule (JAM). The other
one contains crumbs (Crb/CRB3), stardust (Std/Pals1) and Discs lost (Dlt/PatJ). Interestingly,
crumbs and JAM are the only transmembrane domain containing proteins among them; all others
are peripheral membrane proteins, most likely associated with transmembrane proteins via their
PDZ domains. Both complexes are localized apically to the zonula adherens in the fly. In MDCK
cells the PAR-3/PAR-6/aPKC complex, as well as Pals1 and PatJ are localized at the tight junctions
whereas crumbs is found in the entire apical membrane. Deletion of bazooka, crumbs and stardust
function causes a reduction of the apical membrane domain and eventually leads to a multilayerd
epidermis and to apoptosis. Conversely, overexpression of crumbs results in an expansion of the
apical membrane domain in Drosophila (Wodarz, Hinz et al. 1995), as well as in MDCK cells
(Roh, Fan et al. 2003). In MDCK cells, overexpression of CRB3 results in delayed tight junction
formation and disruption of polarity in multicellular cysts. These effects can be abolished by
deleting the PDZ binding domain of CRB3, indicating that its interaction with other proteins in the
complex is required to exert its function in establishing apical polarity (Roh, Fan et al. 2003).
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Furthermore, the bazooka and the crumbs complex have been shown to directly interact with each
other in MDCK cells. Pals1 as well as CRB3 have been shown to bind directly to the PDZ domain
of Par6 (Hurd, Gao et al. 2003; Lemmers, Michel et al. 2004).
The basolateral complex is composed of discs large (Dlg), scribble (Scrib) and lethal giant larvae
(Lgl) with all three proteins being distributed over the lateral membrane in Drosophila epithelia and
Dlg and Scrib being enriched at the zonula adherens (ZA). MDCK cells express Lgl which is
localized laterally and has been shown to bind to syntaxin 4 and myosin II (Musch, Cohen et al.
2002). Genetic analysis by Bilder et al. and Tannentzapf et al. have demonstrated a hierarchical
organization of the three polarity complexes in the fly (Bilder, Schober et al. 2003; Tanentzapf and
Tepass 2003). The bazooka-complex is placed on top of the hierarchy, initiating the formation of
the ZA and of the apical membrane. This activity is counteracted by the Dlg-complex which is
independently recruited to the basolateral cortex. The crumbs-complex is induced by the bazooka
complex and inhibits the Dlg-complex in order to secure apical polarity. This counteractive
regulation of positioning the ZA depends on the localization of the respective complexes into
mutually exclusive membrane domains. An interesting mechanism to prevent the formation of the
bazooka-complex in the lateral membrane domain has recently been proposed to involve the serine-
threonine-kinase Par-1. Par-1 is localized at the lateral membrane (Bohm, Brinkmann et al. 1997),
where it phosphorylates bazooka and thus prevents the formation of the Baz/Par6/aPKC-complex
(Benton and St Johnston 2003). As a consequence, the formation of the Baz-complex is restricted to
the apical domain where it exerts its function.
The mammalian homologue of Par-1, EMK1, was recently reported to be involved in establishing
the polarity axis of MDCK cells. Upon overexpression of EMK1, MDCK cells switched from the
columnar epithelial phenotype to a hepatocyte-like phenotype, in which the apical membrane was
formed as lumens between contacting cells resembling bile canaliculi (Cohen and Musch 2003).
EMK1 knockdown cells and cells expressing a kinase deficient mutant of EMK1 do not elongate to
form a columnar epithelium and fail to form lumens after collagen overlay (Cohen, Brennwald et al.
2004). The authors propose that a transient “hepatic” phenotype characterized by the presence of
intercellular lumens is an intermediate stage in the polarization of simple columnar epithelia.
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1.9 Tight junctions
A key feature of a terminally polarized epithelial sheet are the tight junctions (Farquhar and Palade
1963). They are situated at the apex of the basolateral domain and do not only form a paracellular
seal, but also a diffusion barrier between the apical and the basolateral plasma membrane domain.
While lipids can diffuse across the junctions in the cytoplasmic leaflet, no content mixing between
apical and basolateral domain is possible in the exoplasmic membrane leaflet (van Meer and
Simons 1986). Tight junctions are large protein complexes composed of transmembrane proteins
like occludin, claudins, junctional adhesion molecule (JAM), and a number of peripherally
associated proteins, many of them containing PDZ domains (reviewed in D'Atri and Citi 2002). The
fact that all the proteins identified in mutants with impaired polarity act on or close to the tight
junctions, underlines their important role in establishing polarity. Already in 1988 the tight junction
component zonula occludens-1 (ZO-1) was reported to redistribute from the cytoplasm to the
plasma membrane upon induction of of cell-cell contacts (Siliciano and Goodenough 1988).
Tight junctions form by a maturation process. Pre-existing Par3/Par6/aPKC-complexes are recruited
to cell-cell contact sites and remain at the apical-most zone of cell-cell contacts (Yamanaka,
Horikoshi et al. 2001). While the cells elongate along the apical-basal axis, E-cadherin molecules,
the main components of adherens junctions, form homodimers between neighbouring cells. These
stable contacts propagate along the growing lateral membrane in a zippering fashion (McNeill,
Ryan et al. 1993). During this process, components of the tight junctions are still complexed
together with adherens junction components (Rajasekaran, Hojo et al. 1996). Only when cells are
fully elongated, the mature, tripartite, asymmetric junctional complex composed of tight junctions
on the apex of the lateral membrane, followed by adherens junctions and then desmosones and gap
junctions, is established (Sheth, Fontaine et al. 2000; Ohno 2001). This process requires the kinase
activity of aPKC (Suzuki, Ishiyama et al. 2002). The barrier properties of the tight junctions in
MDCK cells are determined by the combination and mixing ratios of the different variants of the
tetraspan transmembrane protein claudin (Furuse, Furuse et al. 2001).
1.10 Maintenance of polarity by membrane traffic
The finding that Sec6/8, mammalian homologues of components of the yeast Sacharomyces
cerevisiae exocyst complex, are recruited to cell-cell contacts implied that exocytic traffic is tightly
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linked with polarization (Grindstaff, Yeaman et al. 1998). Apical and basolateral cargo is sorted
into distinct carrier vesicles either in the TGN, or in an endosomal compartment, or both (reviewed
in Altschuler, Hodson et al. 2003; Mostov, Su et al. 2003). Since only vesicles carrying basolateral
cargo were recruited to the exocyst, this could be the site used for the delivery of membrane needed
for the elongation of the lateral membrane during polarization. Kreitzer and colleagues followed
exocytic vesicles carrying cargo destined for either the apical or the basolateral membrane in non-
polarized and polarized MDCK cells. Both apical and basolateral carriers fused with the basal
membrane in non-polarized cells, whereas no fusion events with the basal membrane were observed
in polarized cells. Instead, vesicles carrying basolateral cargo, but not those containing apical cargo,
fused with the lateral membrane – implying at the same time that apical vesicles must fuse directly
with the apical membrane (Kreitzer, Schmoranzer et al. 2003). These findings are in agreement with
the distinct localization of the t-SNAREs (soluble NSF (N-ethylmaleimide sensitive factor)
attachment protein (SNAP) receptor at target membrane) mediating fusion with incoming vesicles
in polarized cells. These are distributed over the entire plasma membrane and an intracellular
compartment in non-polarized cells, whereas syntaxin 3 exclusively localizes to the apical and
syntaxin 4 to the basolateral membrane in polarized MDCK cells (Low, Chapin et al. 1996). These
findings raise an interesting question: If polarized membrane traffic is dependent on the correct
localization of the fusion machinery to the respective membrane domains, how then does the fusion
machinery itself become polarized? Clearly, polarized membrane domains have to be established
prior to polarized membrane traffic.
1.11 Early polarization events
The events described so far happen rather late during the polarization process and are necessary to
form stable apical and basolateral membrane domains. However, early events following the
recognition of the spatial cue could already lead to an initial polarization along the newly
established polarity axis. The term “polarity” thus has to be well defined. In this thesis, “early
polarization” refers to events causing or displaying the first apical-basal asymmetries in the cell,
while “terminal polarization” refers to the establishment of stable apical and basolateral membrane
domains. One important issue is the question whether apical and basolateral membrane domains
form prior to or after the establishment of tight junctions. There are basically two scenarios one
could envision: In the first one, the plasma membrane remains unpolarized until the cell has
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established cell-cell contacts and junctions, and only then are membrane components sorted to their
correct place and domains formed by endocytic and secretory membrane traffic. In the second
model, some membrane proteins are scaffolded together to form a membrane domain, which in the
following would be enriched with some components and depleted of others. This could happen
prior to the formation of junctions.
Evidence for both mechanisms operating concomitantly comes from studies by Lecuit et al. on the
cellularization process in Drosophila embryos, where an epithelium is formed de novo in a syncytial
embryo (Lecuit and Wieschaus 2000). There, the apical membrane is inserted from an intracellular
pool at a time when no junctions are established yet, while the lateral membrane is first correctly
defined when the furrow canal is sealed off by the basal junctional complex and the apical
membrane by the apical adherens junction. How in this case the apical membrane domain is held
together until the apical adherens junctions are formed is not clear. Two distinct plasma membrane
domains in the absence of a diffusion barrier in between are also formed in migrating cells.
Stimulated T-cells segregate their membrane components into distinct domains at the leading edge
or the uropod. Interestingly, even lipids are differentially localized with GM1 being present only at
the uropod and GM3 localizing exclusively to the leading ledge (Gomez-Mouton, Abad et al. 2001).
A similar domain formation was observed in polarized neutrophils. Membrane proteins localized
over the entire plasma membrane but were detergent extractable only at the leading edge while
proteins at the uropod remained detergent resistant (Seveau, Eddy et al. 2001).
1.12 Early polarization of MDCK cells
In 1983 Rodriguez-Boulan et al. reported polarized virus budding from single attached MDCK
cells. Electron micrographs showed influenza virus and vesicular stomatitis virus (VSV) budding in
an unpolarized fashion from the entire plasma membrane of isolated, non-attached MDCK cells
growing in suspension. Upon attachment of two cells or attachment of a single cell to the
substratum, however, viruses selected budding sites in a polarized fashion. While influenza virus
budded exclusively from the free surface, VSV preferred to bud from the attached surface
(Rodriguez-Boulan, Paskiet et al. 1983). Although viruses seemed to be able to choose their
budding sites with extreme selectivity, endogenous proteins usually showed a polarized distribution
only after formation of extensive cell-cell contacts and an increase in transepithelial resistance
25
Organization and formation of the apical membrane of epithelial cells
(TER) (Balcarova-Stander, Pfeiffer et al. 1984; Herzlinger and Ojakian 1984). However, in 1987
Vega-Salas described the apical polarization of 184 kDa protein in contact naïve MDCK cells
grown in medium without calcium, while a basolateral 63 kDa protein remained unpolarized under
the same conditions (Vega-Salas, Salas et al. 1987). They proposed the formation of an “apical
pole” prior to the formation of a distinct basolateral membrane domain. In 1988 Ojakian and
Schwimmer described the apical MDCK cell antigen gp135 to be confined to the free surface on
cells lacking membrane contacts (Ojakian and Schwimmer 1988).
The unknown transmembrane antigen gp135 has remained a bona fide marker for the apical
membrane of MDCK cells and is widely used in studies of their polarization. When MDCK cell
cysts or sheets are induced to invert their polarity by collagen overlays or during tube formation,
gp135 is rapidly removed from the apical membrane and degraded to reappear by new synthesis at
the new location of the apical membrane (Wang, Ojakian et al. 1990; Pollack, Runyan et al. 1998).
Gp135 invariably seems to mark the apical lumen when MDCK cells are manipulated to change
their organization. The apical membrane domain always forms at the free surface of the cell, e.g.
away from the support in a monolayer or into the lumen of a cyst cultured in collagen. Interestingly,
in situations where no free surface is available, as is the case when MDCK monolayers are
overlayed with collagen or when tubulating cysts form chains of cells and later chords, vesicles
carrying gp135 display homotypic fusion to form a new lumen inside the cell (Wang, Wang et al.
1994; Ojakian, Nelson et al. 1997).
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2 THE AIM OF THIS THESIS
There were two main objectives guiding the work of this thesis. The first was to shed light on the
organization of the MDCK cell apical membrane, morphologically and with respect to domain
formation and possible phase separation. The second objective was to gain insight in the formation
of the apical membrane with a focus on early events during MDCK cell polarization.
27
Organization and formation of the apical membrane of epithelial cells
3 RESULTS
3.1 PART I – The organization of the apical membrane
3.1.1 High resolution imaging of the apical membrane of MDCK cells with atomic
force microscopy (AFM)
As a surface technique, AFM provides a tool to acquire detailed images of cellular membranes with
a good signal-to-noise ratio and thus seemed suitable to study the morphology of the apical
membrane of MDCK cells. Although AFM can be done on living cells under physiological
conditions, MDCK cells were fixed with glutaraldehyde or paraformaldehyde (PFA) for two
reasons. First, to record one topograph takes about 30 minutes and the surface of the cells had to be
trapped in one condition for the whole scanning process. Second, fixed cells have a more rigid
surface compared to living cells and thus render AFM topographs with higher resolution. After
fixing, cells were imaged at constant low force and slow scan speed to obtain high-resolution
topographs of reproducible quality. Since there is constant mechanical interaction between the
stylus of the AFM and the cell sample, the application of too high forces (2 nN and above) during
the scanning process can distort the surface, making it appear smooth and fuzzy (Hoh and
Schoenenberger 1994). Only careful imaging at low forces (< 300 pN) reveals detailed structures
(Lesniewska, Giocondi et al. 1998).
Figure 4 shows the reticulated surface of MDCK cells. Flexible projections, most likely
corresponding to microvilli, covered the entire apical membrane. Although imaging was done in
low-force contact mode, the microvilli were bent slightly in the scanning direction of the AFM
stylus. Analysis of the AFM topographs revealed that the height of these protrusions was variable
(data not shown). Furthermore, the boundaries between cells could be clearly visualized as being
raised above the surface, although neither their height nor their width was uniform. On some cells, a
single, large protrusion was observed near cell boundaries. The exact dimensions of such a
protrusion could not be calculated since its image was influenced by the pyramidal shape of the
AFM tip. These larger protrusions have previously been visualized in AFM topographs that could
not resolve microvilli, probably due to too high scanning forces (Hoh and Schoenenberger 1994).
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Figure 4: MDCK monolayers expose microvilli clusters on their apical surface.
AFM topography of cells within the monolayer reveals that their surface is covered with flexible protrusions
(A- height range 5.7-11.9 µm). Electronic zooms of the topographs recorded in trace (B) and retrace (C) scan
directions, shows slight displacement of the flexible structures on the surface of the cell due to the
mechanical interaction of the tip with the sample. Processed AFM topographs reveal edges and give a
clearer impression of the protrusions (D). Higher magnification images of the cell surface, again processed to
reveal edges, are presented in trace (E) and retrace (F) scanning directions. Scale bars: A, D = 10 µm; B, C,
E, F. = 1 µm (in collaboration with Kate Poole).
Figure 5: Protrusions imaged with AFM are actin-based microvilli.
Correlation of laser scanning confocal images of fluorescently labeled actin with AFM topographs. The
visualization of surface protrusions, as imaged in a topograph of a single MDCK cell (A) was enhanced by
treating the curvature of the cell as background and subtracting it from the original image (B). Phalloidin-
labeled actin imaged on the apical surface of the same cell, using laser scanning confocal microscopy (C).
Merge of the processed AFM topograph (B, red) and confocal image (C, green; D). The microvilli in the AFM
topograph are slightly displaced in the scan direction.  Scale bars: A,B = 2 µm (in collaboration with Kate
Poole).
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In order to confirm that the protrusions imaged on the surface of the MDCK cells were actin-based
microvilli, AFM was combined with laser-scanning confocal microscopy of cells in which the actin
was fluorescently labelled with Alexa-488 phalloidin. A comparison of the images generated by
each of these microscopy techniques showed that the protrusions on the surface of the MDCK cells
can be correlated to actin containing structures (figure 5). The small discrepancy between the
protrusions in the AFM image and the actin bundles in the confocal image is probably due to the
slight displacement of protrusions by the tip during the AFM scanning process.
3.1.2 Raft lipid depletion leads to a loss of microvilli from the apical surface
In addition to its special morphology, the apical membrane of MDCK cells also has a unique
chemical composition. A number of proteins is specifically sorted to the apical membrane
(reviewed in Altschuler, Hodson et al. 2003), and from lipid analyses of brush border membranes
(reviewed in Simons and van Meer 1988) and lipid trafficking studies in MDCK cells (van Meer,
Stelzer et al. 1987) it can be extrapolated that the apical membrane must be rich in raft lipids. It was
thus interesting to find out if there was a connection between the chemical and the morphological
properties of the membrane.
A previous study had shown with transmission electron microscopy of cell sections that extracting
cholesterol from MDCK cells with Methyl--cyclodextrin (MbCD) reduced the number of
microvilli on the cell surface (Francis, Kelly et al. 1999). Using AFM as a surface sensitive
technique, the role of raft lipids in microvilli formation was assessed. However, treatment of
MDCK cell monolayers with 10 mM MbCD for 30 or 60 minutes altered neither the distribution of
microvilli on the cell surface nor their average height (data not shown). Next, glycosphingolipids
were depleted by growing the cells in the presence of either fumonisin B1 or myriocin. Fumonisin
B1 is a fungal mycotoxin that inhibits ceramide-synthetase activity, blocking the final step of
ceramide synthesis and, hence, sphingolipid biosynthesis (Merrill, van Echten et al. 1993).
Myriocin inhibits serine-palmitoyl transferase, which mediates the first step in sphingolipid
biosynthesis (Kluepfel, Bagli et al. 1972). Both drugs reduced the cellular amounts of
glucosylceramide (GlcCer), the major glycosphingolipid in MDCK cells, by more than 90%, as
determined by lipid extraction and thin layer chromatography (TLC; figure 6, lanes 2 and 3).
Monolayers grown in the presence of fumonisin B1 (figure 7, A-C) or myriocin (figure 7, D-F) for
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48 hours contained cells with decreased microvilli density, but the effect was not uniformly strong
on all cells of the monolayer, and also the average size of the microvilli was not significantly
altered.
Figure 3
Treatment of MDCK cells with inhibitors of glycosphingolipid synthesis and MbCD depletes raft lipids. 2x10
6
cells grown to confluency and treated with inhibitors for 48h were harvested and lipid extraction was
performed according to Bligh and Dyer (Ref.). Lipids were resolved on silica TLC plates using two sequential
runs, first in chloroform:methanol:water (65:35:8) and second in hexane:ethylacetate (5:1), and visualized by
sulfuric acid spraying (A). Band intensities were quantified using Image Gauge (Fuji, Japan, B). Myriocin and
fumonisin treatment reduced GlcCer levels by more than 90%. Lovastatin treatment alone did not reduce
total cellular cholestrol significantly, but mobilized cholesterol esters. Additional extraction with MbCD then
resulted in a roughly 30% reduction of total cellular cholesterol.
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Figure 4: Depleting MDCK cells of raft lipids decreases the number of microvilli.
AFM topographs of MDCK monolayers treated for 48 hours with fumonisin (A-height range 4.8-10.4 µm),
myriocin (D- height range 5.7-13.1 µm) or myriocin, mevalonate and lovastatin (J- height range 4.1-13.0 µm).
Some cells within the monolayer show a reduced microvilli density on the surface. After processing to reveal
edges, microvillar and planar regions are more easily distinguished (B, E, K). Processed images in C, F and
L correspond to the regions marked in B, E and K. MbCD was used to extract cholesterol from cells grown
for 2 days in the presence of myriocin (G- height range 2.5-11.0 µm) or from cells grown in the presence of
myriocin, mevalonate and lovastatin (M- height range 4.1-12.6 µm). The corresponding processed images (H
and N) reveal the smooth surface of cells, largely devoid of microvilli. I and O, cell surface recorded at higher
magnification, corresponding to the regions marked in H and N. Scale bars: A, B, D, E, G, H, J, K, M, N = 10
µm; C, F, I, L, O = 2 µm (in collaboration with Kate Poole).
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In order to more drastically disrupt membrane organization the treatments were combined to reduce
the levels of both cholesterol and glycosphingolipids. MDCK cells were grown in myriocin for 48
hours and then treated with 10 mM MbCD for 30 minutes prior to fixation. TLC analysis of the
lipid composition of treated cells showed that, in addition to the reduction in GlcCer, total cellular
cholesterol levels were reduced by roughly 30% (figure 6, lane 4). Note, however, that due to
MbCD acting mostly on the apical surface, the relative cholesterol depletion in the apical membrane
was most likely higher. This combined treatment reduced the amount of microvilli significantly
(figure 7, G-I). Trying to lower the cholesterol levels even more by inhibiting HMG-CoA-reductase
with lovastatin lead to mobilization of cholesterol esters and their conversion into cholesterol, but
only mildly reduced the total cellular cholesterol (figure 6, lanes 5 and 6, decrease in cholesterol
esters but cholesterol levels comparable to control; small amounts of mevalonate are added to
provide enough of the precursor for prenyl lipid synthesis, (Keller and Simons 1998)). In
accordance with this, a combined metabolic inhibition with myriocin and lovastatin/mevalonate
reduced microvilli density only partitially (figure 7, J-L), but again, the phenotype could be
drastically enhanced by additional extraction of plasma membrane cholesterol with MbCD (figure
7, M-O).
The conclusion from this study is that depletion of both cholesterol and glyco-sphingolipids
resulted in loss of microvilli and thus in an altered morphology of the apical membrane of MDCK
cells. Morphological and chemical properties of the membrane thus seem closely connected.
3.1.3 Antibody patching reveals special properties of the apical membrane
AFM had proven a useful technique to visualize the surface morphology of the apical membrane,
and from the lipid depletion experiments it was obvious that raft lipids are important for the
establishment of this special morphology. The next objective was to investigate the
physicochemical properties of the apical membrane, especially its organization into raft and non-
raft domains. One technique to visualize this organization is the clustering of surface antigens with
antibodies, so called “patching”. Lateral crosslinking of membrane proteins leads to a
multimerization of protein-lipid interactions whereby weak interactions are amplified and cause
stronger attracting or repelling forces. As a result, raft domains coalesce and segregate from non-
raft lipids and proteins.
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Antibody patching was first established in fibroblasts (Harder, Scheiffele et al. 1998). It was shown
that immunofluorescence staining of surface raft and non-raft antigens in fixed BHK cells produces
a uniform labelling of the entire plasma membrane with no apparent irregularities. When antigens
were clustered by applying antibodies to living cells prior to fixation, however, a patchy staining
pattern with areas of high antigen density and areas devoid of antigen was observed. Patches
represented surface domains, because endocytosis of membrane components was inhibited by
performing the experiment at 12°C. The important finding was that simultaneous clustering of two
raft markers moved them into the same patch, while simultaneous patching of a raft and a non-raft
marker resulted in segregated domains.
Following the published protocol, two raft proteins, an influenza hemagglutinin (HA) construct and
GPI-anchored PLAP, were expressed in baby hamster kidney (BHK) cells using adenoviruses. The
antigens were patched with a mouse anti-HA and a rabbit anti-PLAP antibody followed by
incubation with Cy3-labelled anti mouse and Cy5-labelled anti rabbit secondary antibodies prior to
fixation with PFA and methanol. In accordance with the published results, HA and PLAP
overlapped almost completely in clearly defined patches on the surface of BHK cells (figure 8 A).
Since the aim was to find out about the organization of the apical plasma membrane, the same
experiment was performed on terminally polarized MDCK cells. Surprisingly, the result was
completely different (figure 8 B). Patches were less clearly defined, the distribution pattern of HA
looked very different from that of PLAP (compare separate colours of enlargement in figure 8 B),
and there was very little overlap of the two proteins. Electron microscopy had revealed earlier that
while the average diameter of a PLAP cluster was 400 nm in BHK cells (figure 8 C; Harder,
Scheiffele et al. 1998 and Paul Verkade, personal communication), it was only 80 nm in MDCK
cells (figure 8 D; Verkade, Harder et al. 2000). Furthermore, the average distance of a gold particle
labelling HA to a cluster of PLAP molecules was only 36 nm in BHK cells but 85 nm in MDCK
cells (Paul Verkade, personal communication). Taken together, antibody patching does not drive
coalescence of small raft entities into large domains on the apical membrane of MDCK cells. The
organization of the apical membrane into raft and non-raft domains must therefore be different from
that of a fibroblast.
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Figure 8: Antibody patching
A. Two raft proteins co-cluster in BHK cells. BHK cells were seeded onto coverslips and infected with
Adenoviruses expressing wtHA-M2-YFP and PLAP one day prior to the experiment. Clustering was done on
living cells at 10˚C by simultaneous addition of mouse anti-HA and rabbit anti-Plap antibody for 1 h, followed
by a 1 h incubation with Cy3 labeled anti-mouse and Cy5 labeled anti-rabbit antibodies. Cells were pre-fixed
with 4% PFA for 5 min at 10˚C, and finally fixed by 3 min incubation with -20˚C methanol. Scalebar 10 mm in
overview, 1 mm in enlargements.
B. Two raft proteins segregate in the apical membrane of MDCK cells. MDCK cells stably expressing PLAP
were allowed to polarize on polycarbonate filters for 5 days. On the fourth day, cells were infected with
Adenovirus expressing wtHA-M2-YFP. Clustering was done on living cells at 10˚C by simultaneous addition
of mouse anti-HA and rabbit anti-Plap antibody for 1 h, followed by a 1 h incubation with Cy3 labeled anti-
mouse and Cy5 labeled anti-rabbit antibodies. Cells were pre-fixed with 4% PFA for 5 min at 10˚C, and
finally fixed by 3 min incubation with -20˚C methanol. Scalebar 1 mm in overview and enlargements.
C. Crosslinking of PLAP (12-nm gold) induces large clusters on the surface of BHK cells that are segregated
from Transferrin receptor (6-nm gold) clusters. Scalebar 150 nm. (from Harder, Scheiffele et al., 1998)
D. The apical membrane of MDCK cells with and without crosslinking (inset) of PLAP. Small clusters of 80
nm are observed after crosslinking. Scalebar 100 nm, inset 200 nm. (from Verkade et al., 2000)
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3.1.4 Fluorescence recovery after photobleaching (FRAP) as a tool to study
membrane organization
As an independent approach, the lateral mobility of raft and non-raft markers was assayed in
fibroblasts and MDCK cells. The most widely used technique to study the diffusion of proteins in
living cells is FRAP. Fluorescently labelled proteins are irreversibly photobleached with a high
power laser beam in a restricted area of the cell, in this case a small section of the plasma
membrane. The subsequent diffusion of non-bleached proteins into this area is recorded with low
laser power. Green fluorescent protein (GFP) and yellow fluorescent protein (YFP) fusion proteins
are ideal for use in FRAP studies because they can be bleached without damaging the cell
(Lippincott-Schwartz; Yang, Moss et al. 1996; Prendergast 1999). A typical FRAP experiment is
illustrated in figure 9. Figure 9 A shows a plot of the fluorescence intensity in the bleached region
over time, figure 9 B gives snapshots of the apical membrane of MDCK cells expressing GPI-
anchored, glycosylated YFP (YFP-GL-GPI) during a FRAP recording. A few pre-bleach scans are
taken to record the initial fluorescence intensity (Ii). Then the molecules in a circular region of the
apical membrane are bleached and the first scan after the bleach defines the post-bleach
fluorescence intensity (Io). From then on, the recovery of fluorescence intensity in the bleached area
is recorded, first at short intervals (1 sec), later at longer intervals (10 sec), and ideally until a
plateau is reached (Imax). (Ii-Imax)/(Ii-Io) gives the immobile fraction of the fluorescent protein, i.e. a
fraction that is anchored or for some other reason not able to diffuse, (Imax-Io)/(Ii-Io) gives the
mobile fraction Mf. The diffusion coefficient of the fluorophore can be calculated from the slope of
the recovery curve, but curve fitting with an optimal diffusion model is needed to obtain meaningful
results. For displaying the results of experiments described below, Ii was set to 100 or 1 and Io and
Imax were calculated relative to Ii.
The first two proteins compared in this study were the raft marker YFP-GL-GPI, and the non-raft
marker LYGT46, a construct containing the transmembrane domain of LDL-receptor fused to the
cytoplasmic tail of CD46 and extracellularly tagged with YFP (figure 10). Expression of the
proteins in PtK2 cells, a non-polarized, fibroblast-like cell line, lead to homogeneous plasma
membrane staining for both. After bleaching of a circular region of 13 µm
2
, both proteins recovered
to almost 100% of initial intensity with similar kinetics (compare the slopes and the plateau region
of the fluorescence intensity plots in figure 11 A and B). The similar diffusion kinetics of the raft
and the non-raft protein are in accordance with results obtained by single particle tracking achieving
a much higher temporal resolution than obtainable with FRAP (Pralle, Keller et al. 2000). These
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experiments resolved a threefold difference between the diffusion coefficient of a single non-raft
protein and a whole raft-entity.
Figure 9: Fluorescence recovery after photobleaching (FRAP).
A. Plot of fluorescence intensity in a region of interest over time. The prebleach intensity (Fi) is 100% of the
intensity being emitted from the fluorescent molecules in that region, with a short laser pulse of high power
this fluorescence is bleached down to the postbleach intensity (Fo), and then over time fluorescent molecules
from outside the bleached region diffuse into the bleached region which leads to an asymptotic recovery of
fluorescence intensity until the limit F is reached. The difference between the asymptote F and Fi gives
information about the immobile and mobile fractions of the fluorescent molecule, i.e. which percentage is
able to diffuse freely (mobile fraction) and which percentage is anchored or in another way prevented from
free diffusion (immobile fraction). The diffusion constant of the fluorescent protein can be calculated from the
slope of the curve from Fo to F. Image taken form Lippincott-Schwartz et al., Nature Reviews 2001.
B. Three frames of a movie taken during one FRAP experiment. MDCK cells expressing YFP-GL-GPI were
allowed to polarize on polycarbonate filters for 3 days. Live cells on filters are mounted into a special
chamber, supplied with medium, and are thus ready for confocal imaging. Fluorescence is collected from a
1.4 µm thick slice containing the apical plasma membrane. YFP fluorescence is collected before bleaching of
a 13 µm
2
 circular area (Prebleach), directly after bleaching (Postbleach) and during the following 3 min. At
the end of the image sequence (3 min), the fluorescence in the bleached region has almost recovered to its
initial intensity.
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Figure 10: Overview over fluorescent membrane proteins used for FRAP measurements.
GPI-anchored glycosylated YFP (YFP-GL-GPI) and myristoylated and palmitoylated YFP (MyrPalm-YFP)
are associated with lipid rafts. LYGT5 contains the transmembrane domain of LDL-receptor, tagged on the
lumenal side with glycosylated YFP. LYGT46 is the same as LYGT5, but additionally contains the
cytoplasmic tail of CD46. These two and an N-terminally GFP-tagged podocalyxin construct lacking the
cytoplasmic tail (pcx-tail) are non-raft markers.
The pending question was, how the two proteins would diffuse in the apical membrane of polarized
MDCK cells. Expression of the two markers in MDCK cells led to apical membrane labelling with
YFP-GL-GPI, LYGT46 was however mostly localized to the basolateral membrane and only very
highly expressing cells displayed enough protein missorted to the apical side to ensure reproducible
data acquisition. Interestingly, fluorescence intensity plots derived from a number of FRAP
experiments on the apical membrane of MDCK showed that here the raft marker YFP-GL-GPI
recovered significantly faster than the non-raft marker LYGT46 (compare figure 11 C and D).
Recovery curves obtained from MDCK cells cannot be directly compared to curves obtained from
PtK2 cells, since the two cell types display different membrane topologies. The apical membrane is
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Figure 11
Raft and non-raft markers diffuse equally well in PtK2 cells, but non-raft proteins diffuse much slower than
raft proteins in the apical membrane of MDCK cells. PtK2 (A and B) or MDCK cells (C and D) were grown on
coverslips until they formed a confluent mononlayer. Cells were infected with Adenovirus expressing the raft
marker YFP-GL-GPI (A and C) or the non-raft marker LYGT46 (B and D). On the following day fluorescent
proteins were expressed at high levels. In PtK2 cells, the focus was set to a 1 µm thick slice in the flat edges
of the cell, in MDCK cells a 1.4 µm thick slice of the apical membrane was imaged. LYGT46 normally
localizes to the basolateral membrane of MDCK cells, but cells expressing very high levels mislocalized
LYGT46 to the apical membrane in amounts sufficient for FRAP recording. A circular region of 13 µm
2
 was
bleached with high laser power and fluorescence intensities recorded subsequently every 1, 5 and at last 10
sec. Intensity values were corrected for bleaching occurring during the recording, initial intensities were set
to 100% with all other intensities relative to these, and graphs were plotted using Excel. Fitting of the curves
displayed in A-D to a two-dimensional diffusion model (Jovin and Vaz, 1982) yielded different diffusion
velocities (E). YFP-GL-GPI and LYGT46 diffused equally fast in PtK2 cells, whereas LYGT46 diffused one
order of magnitude more slowly than YFP-GL-GPI in the apial membrane of MDCK cells.
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much more reticulated than the plasma membrane of PtK2 cells, a fact that is mostly due to the
apical microvilli, and thus the actual bleached surface area and also the fraction of the membrane
bleached during the experiment is much higher in MDCK cells than in PtK2 cells. Recovery is
therefore expected to take longer in MDCK cells. Fitting the curves to a two-dimensional diffusion
model (equation 11a in Jovin and Vaz 1989) gave similar apparent diffusion coefficients for the two
markers in PtK2 cells. In MDCK cells however, the non-raft marker diffused one order of
magnitude slower than the raft marker (figure 11 E; Note however the high error associated with the
fit, which is due to the recovery curve not having reached a plateau at the end of the recording.).
Since the aim was to gain insight into the organization of the apical membrane and not to analyze
the kinetic properties of single proteins, additional probes were necessary. Furthermore, the slower
diffusion of LYGT46 could possibly be explained by the topology of the protein. Whereas YFP-
GL-GPI is embedded only in the exoplasmic leaflet of the membrane, LYGT46 spans the entire
bilayer and additionally contains a cytoplasmic tail which might interact with cytoskeletal elements
hindering its diffusion (figure 10). The interactions would occur specifically in the apical membrane
of MDCK cells and not in PtK2 cells where LYGT46 diffused fast. This explanation could be ruled
out by establishing a truncated version of LYGT46 which only contains five amino acids of the
cytoplasmic tail following the transmembrane domain (LYGT5, figure 10). This construct displayed
diffusion kinetics similar to LYGT46 (figure 12 A and B). A GFP-tagged tail-less version of the
apical transmembrane protein podocalyxin (pcx-tail-GFP; figure 10 and figure 12 C and D) also
displayed fast diffusion kinetics in PtK2 cells and slow diffusion kinetics in the apical membrane of
MDCK cells. One other raft probe studied was myristoylated and palmitoylated YFP (MyrPalm-
YFP, figure 10), a probe inserting only into the cytoplasmic leaflet of the membrane, which
displayed diffusion kinetics even faster than YFP-GL-GPI in the apical membrane (figure 12 E) as
well as in PtK2 cells (not shown). Thus, the observations made with YFP-GL-GPI and LYGT46
seemed to reflect general principles.
All curves in figures 11 and 12 were fitted to a function for two-dimensional lateral diffusion:
I(t) =
I0 + (Imax  t) Thalf
1+ t Thalf
The model is adapted from Yguerabide and colleagues (Yguerabide, Schmidt et al. 1982) and
simplifies the system by assuming diffusion with a single apparent diffusion coefficient and
ignoring membrane flow during the recording time. Fitting the experimental data to this model
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Figure 12: Non-raft proteins diffuse fast in PtK2 cells and slowly in MDCK cells.
A. PtK2 cells grown on coverslips were transfected with LYGT5 using Fugene reagent one day prior to the
experiment. LYGT5 was mainly localized at the plasma membrane. Spot size 9 µm
2
. B. MDCK cells were
nucleofected with LYGT5 and grown on coverslips for 3 days to form a confluent monolayer. Spot size 13
µm
2
. C. PtK2 cells grown on coverslips were transfected with pcxtail-GFP using Fugene reagent one day
prior to the experiment. Pcxtail-GFP was localized at the plasma membrane as well as in the ER. Flat
regions containing predominantly plasma membrane and excluding ER staining were chosen for FRAP
recordings. Spot size 9 µm
2
. D. MDCK cells stably expressing pcxtail-GFP were allowed to polarize on
polycarbonate filters for 3 days. Spot size 6 µm
2
. E. MyrPalm-YFP in MDCK diffuses faster than YFP-GL-
GPI. MDCK cells were nucleofected with MyrPalm-YFP and grown on coverslips for 3 days to form a
confluent monolayer. Spot size 13 µm
2
. All curved corrected for bleaching.
F. Summary of values obtained with curve fitting to a two-dimensional diffusion model (see methods section
for details). Io = initial intensity, Imax = maximal intensity recovery, Thalf = time of half maximal recovery, Mf =
mobile fraction. All proteins are equally mobile in PtK2 cells, but raft proteins appear to be more mobile than
non-raft proteins in the apical membrane of MDCK cells.
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generates values for the initial fluorescence intensity directly after bleaching (Io), the maximal
intensity at infinite recovery time (Imax), and the time point when the half maximal intensity is
reached (Thalf). The mobile fraction of the fluorophores (Mf) was calculated as described above: Mf
= (Imax-Io)/(Ii-Io). The obtained values for Io, Imax, Thalf and Mf are listed in figure 12 F. In PtK2 cells,
all proteins diffuse with similar kinetics. In the apical membrane of MDCK cells on the other hand,
there is more variation among the diffusion kinetics measured for the different proteins. There is
however an apparent trend that the raft proteins are more mobile than the non-raft proteins,
indicating that a significant fraction of the non-raft proteins is anchored in place or captured in
domains that cannot communicate with the bleached region. In order to deduce physical properties
of the membranes and their inhabiting proteins from this type of experiments, more sophisticated
curve fitting and also modelling will be necessary. Still, the diffusion measurements as well as the
previously described antibody patching revealed a unique lateral organization of the apical
membrane of MDCK cells.
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3.2 PART II – The formation of the apical membrane
The first part of this thesis established that the apical membrane of epithelial cells, here MDCK
cells, has special properties, which clearly distinguish it from any other plasma membrane. The
second part of the thesis now follows the formation of this unique plasma membrane domain. Of
special interest are the questions, when a single MDCK cell for the first time polarizes into apical
and basolateral membrane domains, and how this polarization is connected to the formation of tight
junctions or to membrane traffic.
3.2.1 Following apical and basolateral marker proteins during the polarization of
MDCK cells
As mentioned already in the introduction, an early study investigating virus budding from MDCK
cells had postulated that even single attached cells display membrane polarity, allowing viruses to
distinguish the “attached” from the “free” surface (Rodriguez-Boulan, Paskiet et al. 1983).
Following up on these early observations, freshly detached MDCK cells were plated onto glass
coverslips or polycarbonate filters and the distribution of apical and basolateral marker proteins was
followed by indirect immunofluorescence over time. In single attached cells one or two hours after
plating none of the apical (gp114, an MDCK cell antigen recently identified as a member of the
carcinoembryonic antigen family, intercellular cell adhesion molecule (ICAM)-1, prominin, figure
13 A; stomatin and PLAP not shown) or basolateral (1-integrin, figure 13 A; E-cadherin and gp58,
an MDCK cell antigen recently identified as the -subunit of the Na+/K+-ATPase, not shown)
marker proteins displayed a polarized distribution. Four hours after plating MDCK cells had
migrated towards each other to form islands composed of only a few cells, but also in this stage of
established cell-cell contacts apical and basolateral proteins still distributed over the entire plasma
membrane (gp114, ICAM-1, E-cadherin figure 13 B, others not shown), only E-cadherin was
already enriched at the sites of cell-cell contacts. First when cells had formed confluent monolayers
on polycarbonate filters did they display apparent apical-basolateral polarity (figure 13 C).
However, the polarization kinetics were different depending on the protein studied. ICAM-1 was
localized exclusively on free (apical) membrane surfaces already after one day, while gp114 and
PLAP needed three days in order to be completely polarized. Although specialized membrane
domains must be established quite early during polarization, it seemed to depend on the individual
protein, when it would reach its destined localization.
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Figure 13
Apical and basolateral proteins are distributed over the whole plasma membrane in single attached cells and
islands of cells. MDCK cells and MDCK cells transiently expressing prominin1-GFP were detached with
trypsin/EDTA, resuspended and seeded onto coverslips. Cells were allowed to attach for 1 or 2 h (A) or 4 h
(B) before fixation and were subjected to immunofluorescence. Shown are vertical sections of confocal
stacks aquired with a slice thickness of 300 nm (A and B), as well as confocal sections through the middle of
the cells (B).
After distinct times on polycarbonate filters, apical proteins occupy solely the apical plasma membrane
domain and basolateral proteins solely the basolateral domain (C). MDCK cells were allowed to polarize for
2-3 days on polycarbonate filters and were infected with adenovirus mediating Plap expression on the
second day after seeding onto filters. After fixation, cells were subjected to immunofluorescence. Shown are
vertical sections of confocal stacks aquired with a slice thickness of 300 nm. Scalebars 5 µm.
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3.2.2 Gp135 displays early apical polarity and a restricted distribution on the apical
surface of polarized cells.
The only endogenous protein found to display early polarity was the yet unidentified antigen gp135
(Ojakian and Schwimmer 1988). As long as the cells had not attached to either the substratum or
Figure 14
A. Gp135 is uniformly distributed over the surface of non-attached MDCK cells. MDCK cells were detached
with trypsin/EDTA, resuspended, pelleted and fixed in suspension. Cells were subjected to
immunofluorescence in suspension and embedded in 10% gelatine. Shown is a confocal section through a
single cell.
B. Gp135 is absent from the basal membrane of single attached cells. MDCK cells stably expressing PLAP
were detached with trypsin/EDTA, resuspended and seeded onto coverslips. Cells were allowed to attach for
2 h before fixation and were subjected to immunofluorescence. Shown are merges of 5 vertical sections of
confocal stacks aquired with a slice thickness of 300 nm, as well as the apical and basal section of the stack.
C. Gp135 is absent from cell-cell contacting membrane domains. MDCK cells stably expressing PLAP were
detached with trypsin/EDTA, resuspended and seeded onto coverslips. Cells were allowed to attach for 4 h
before fixation and were subjected to immunofluorescence. Shown are merges of 5 vertical sections of
confocal stacks aquired with a slice thickness of 300 nm, as well as confocal sections through the middle of
the cells. Scalebars 5 µm.
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Figure 15
A. Gp135 is restricted to a subdomain of the apical membrane. MDCK cells were allowed to polarize for 4
days on polycarbonate filters and were infected with adenovirus mediating PLAP expression on the second
day after seeding onto filters. After fixation, cells were subjected to immunofluorescence. Shown are vertical
sections of confocal stacks aquired with a slice thickness of 300 nm, as well as confocal sections of the
apical plasma membrane. PLAP, shown in green, is distributed over the entire apical membrane except a
small exclusion area in the centre of the cell, whereas gp135, shown in red, is absent from the areas close to
the junctions and usually displays a much larger exclusion area in the centre of the cell (see non-transfected
cells).
B. Gp135 localizes to microvilli. MDCK cells cultured on coverslips for 48 h were fixed and subjected to
immunofluorescence, filamentous actin was stained with TRITC-phalloidin. Shown is a single confocal
section of the dorsal side of the cells displaying a dotty staining pattern typical for microvilli.
C. The exclusion area in the apical membrane corresponds to the site of outgrowth of the primary cilium.
MDCK cells were allowed to polarize on polycarbonate filters for 4 days and subjected to immufluorescence
with anti-gp135 and anti -tubulin antibodies. Shown is a merged image of confocal sections taken of the
apical membrane and the region above. Tubulin staining the primary cilium is displayed in green, gp135 in
red.
Scalebars 5 µm.
another cell, gp135 was distributed homogeneously over the cell surface with no apparent polarity
(figure 14 A). As soon as the cells had attached, gp135 exclusively stained the free surface of
MDCK cells, being absent also from the areas of membrane ruffling along the edge of the cell
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(figure 14 B, PLAP staining for comparison). Similarly, no gp135 could be detected at sites of cell-
cell or cell-substratum contact in islands of MDCK cells (figure 14 C, PLAP for comparison).
After terminal polarization of MDCK cells on filter supports, gp135 was localized to the apical
plasma membrane, but the distribution was not homogeneous over the whole surface. The outer rim
of the apical membrane close to the tight junctions was devoid of gp135 staining and also an area of
1.2-1.8 m diameter in the centre region of the apical membrane (diameter 8-10 m; figure 15 A).
PLAP on the other hand covered almost the whole apical membrane, except a small exclusion area
in the centre. This central exclusion area devoid of gp135 and PLAP corresponds to the site of
outgrowth of the primary cilium as shown in figure 15 C (Note that the exclusion area is usually
much larger for gp135 than for PLAP, figure 15 A, untransfected cells). The pronounced reticulated
staining of gp135 is due to its localization in microvilli, as could be visualized by comparing the
localization of gp135 with that of Texas Red-isothiocyanate (TRITC)-phalloidin labelled actin
(figure 15 B). Interestingly, when tight junctions were opened by treating polarized MDCK cells for
15 minutes with 2 mM EDTA prior to fixation, gp135 stayed on the apical surface even in cells
starting to round up (figure 16). For comparison, gp114 re-distributed over the entire plasma
membrane under these conditions.
Figure 16
Gp135 remains restricted to the apical plasma membrane domain after opening of tight junctions. MDCK
cells were cultured on coverslips one day past confluence. Tight junctions were opened by a 15 min
treatment with 2 mM EDTA. Cells were washed with PBS and subjected to immunofluorescence. Shown are
confocal sections through the middle of the monolayer, as well as an orthogonal view of the confocal stack.
While gp114 spread also into the basolateral plasma membrane domain after opening of tight junctions (B),
gp135 remained exclusively on the apical plasma membrane (A). Scalebars 10 µm.
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Figure 17
Cartoon displaying the polarization process of MDCK cells on polycarbonate filters. Domains occupied by
gp135 are displayed in red, domains occupied by other apical proteins are displayed in green, remaining
plasma membrane areas are displayed in black.
The findings are schematized and summarized in figure 17. The red colour signifies the distribution
of gp135, and the green colour the localization of all other apical proteins analyzed. The starting
point were detached, unpolarized MDCK cells with an even distribution of plasma membrane
proteins. Upon contact with a solid support, the cells established a highly dynamic basal perimeter
which included apical membrane proteins but not gp135. The cells flattened out and started to
migrate towards each other. The basal plasma membrane and the migrating parts were devoid of
gp135. Upon cell-cell contact, gp135 was removed from the cell-cell contacting membranes while
other apical proteins remained in the contact zone. Finally, at the level of terminal polarization,
gp135 localized to an apical subdomain, being excluded from the outer rim of the apical membrane
as well as from a fairly large area in the centre region of the apical surface, from which the primary
cilium emerged. Gp135 was unique in displaying a polarized distribution already early after cell
attachment, a feature that was not observed for any other apical or basolateral membrane protein.
The protein stayed exclusively on the free membrane surface during MDCK cell polarization and
was restricted to a subdomain of the apical membrane in fully polarized cells. Even after opening of
tight junctions and rounding of the cells, it did not change its localization. Gp135 appeared to be
captured in a specialized apical membrane domain.
3.2.3 Gp135 polarization depends on the actin but not the microtubule cytoskeleton
Gp135 was shown to resist extraction of polarized MDCK cells by cold Triton in cytoskeleton
stabilizing buffer and to stay associated with the cytoskeleton. Furthermore, when subconfluent
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Figure 18: Actin depolymerization leads to loss of gp135 from the plasma membrane.
A. Confluent MDCK cells stably expressing PLAP were pre-treated with 2 µg/ml Latrunculin B for 45 min at
37°C. Cells were detached with trypsin/EDTA, resuspended and seeded onto coverslips in the presence of
inhibitor. After 1 h at 37°C, cells were fixed and subjected to immunofluorescence for gp135 and PLAP,
remaining filamentous actin was stained with TRITC-phalloidin. Shown are confocal sections. While PLAP is
distributed uniformly over the whole plasma membrane, gp135 labelling is very weak and appears in patches
that in places coincide with actin accumulations.
B. Cells were treated as in A and allowed to attached for 2 h. Then the inhibitor was washed out and the
cells were allowed to grow for additional 2 h in normal culture medium before fixation and
immunofluorescence. Shown are confocal midsections of cell islands as well as the corresponding vertical
sections. Scalebars 5 µm.
MDCK monolayers were treated with the actin-disrupting drug Cytochalasin D, gp135 changed its
distribution and co-localized with patches of remaining filamentous actin. Nocodazole treatment
disrupting microtubules on the other hand had no effect on gp135 localization in confluent MDCK
cells (Ojakian and Schwimmer 1988). Since gp135 could be scaffolded by the actin cytoskeleton,
would this be part of the scaffolding mechanism ensuring its apical localization in single cells? In
order to answer this question, PLAP-expressing MDCK monolayers were pre-treated with 2 µg/ml
Latrunculin B (Lat B) for 45 minutes, detached, replated onto coverslips in medium containing Lat
B, and fixed after one hour. MDCK cells failed to spread but instead stayed round and displayed
numerous membrane blebs; filamentous actin was destroyed apart from some aggregates (figure 18
A). While PLAP was distributed over the entire plasma membrane, gp135 was essentially lost from
the surface and could only be seen in some intracellular aggregates. This effect was reversible since
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Figure 19: Polarization of gp135 is independent of microtubules.
Confluent MDCK cells were pre-treated with 33 µM Nocodazole for 1 h
at 37°C. Cells were detached with trypsin/EDTA, resuspended and
seeded onto coverslips in the presence of inhibitor. After 1 h (A) and 4 h
(B) at 37°C, cells were fixed stained for gp135. Shown is a confocal
section displaying the dorsal face of single attached cells (A), as well as
a vertical section of a confocal stack displaying an island of cells (B).
The localization of gp135 to the dorsal face of the cells is preserved
under microtubule depolymerizing conditions even 5 h after begin of
treatment. Scalebars 5 µm.
switching the cells to control medium for two hours resulted in a monolayer with apical localization
of gp135 comparable to two-hour control cells (figure 18 B). Similarly, cells were treated with 33
µm Nocodazole. No effect on the apical localization of gp135 was observed in cells re-plated for
one hour (figure 19 A). Even cells kept in medium containing Nocodazole for five hours displayed
a monolayer with apical localization of gp135 comparable to control cells (figure 19 B). These
results indicated that actin could indeed be part of the scaffold capturing gp135 on the free surface.
3.2.4  Purification, identification and cloning of gp135
In order to discover the molecular nature of gp135, a collaboration was started with Joachim
Fuellekrug, a postdoc in the lab, who purified the protein for identification by mass spectrometry
and later cloned the dog cDNA. Initial attempts to enrich gp135 by immunoprecipitation from
whole MDCK cell lysates or membranes did not yield amounts sufficient for identification. Thus, a
rough biochemical characterization of the protein was performed, in order to be able to exploit
some of its features for the purification. The membrane antigen gp135 had been identified as a
glycoprotein by metabolic labelling with glucosamine (Ojakian and Schwimmer 1988). Treatment
of MDCK cells with the mannosidase inhibitor deoxymannojirimycin led to a small but significant
molecular weight shift of gp135, suggesting the presence of N-linked glycosylation. This was
confirmed by digestion with peptide N-glycosidase F. Benzyl-GalNAc inhibiting O-linked
glycosylation (Alfalah, Jacob et al. 1999) and neuraminidase treatment produced larger molecular
weight shifts, indicating the additional presence of O-linked glycans on gp135 (figure 20 A). Next,
conditions were established under which 90% of gp135 could be solubilized with Triton X-100 at
4°C in a cytoskeleton disrupting buffer. This fraction was bound efficiently to a wheat germ
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Figure 24
A.  Glycosylation analysis of gp135. MDCK cells were treated with Benzyl-GalNAc (BGN) or
deoxymannojirimycin (DMM) for two days. Digestion with PNGaseF to remove N-linked glycans was o/n on a
crude MDCK lysate. Neuraminidase (NA) treatment was on living cells for 45min. Molecular weight markers
indicate 180kDa and 115kDa. Note that there is only a small shift in molecular weight after removal of N-
linked glycans. Additional O-glycosylation is suggested by the higher loss of molecular weight after treatment
with BGN and NA (Joachim Fuellekrug).
B. Characterization of gp135 for enrichment from MDCK cells. Treatment with the non-ionic detergent Tx-
100 on ice solubilizes the majority of gp135 (S). A small portion of gp135 is associated with detergent
resistant membranes and is floating upwards after density gradient centrifugation (IS). The filled triangle
indicates gp135, the open triangle indicates the apical marker protein gp114 for comparison. Molecular
weight markers indicate 180kDa and 115kDa. Soluble and insoluble fractions were analysed for their binding
to wheat germ agglutinin (WGA). Shown is the analysis of the unbound fraction. All of gp135 is retained on
the WGA column indicating strong binding whereas gp114 binds partially only (Joachim Fuellekrug).
C. Coomassie stained gel for identification of gp135. MDCK cells were treated with non-ionic detergent on
ice, and solubilized glycoproteins enriched on a WGA column. Immunoprecipitation with monoclonal
antibodies against gp135 yields a band at 135 kDa (filled triangle). The strong band at 50 kDa corresponds
to the IgG heay chain (open triangle). Molecular weight standards are from top to bottom: 180, 115, 80, 64,
50, 37 kDa (Joachim Fuellekrug).
agglutinin column (WGA; figure 20 B). With the eluted, gp135-enriched fraction, preparative
immunoprecipitation yielded a Coomassie band of the expected molecular weight (figure 20 C).
The mass spectrometric identification of the protein in this band was performed by Anna
Shevchenko at the institute. Analysis of the tryptic digest of the 130 kDa band by nanoelectrospray
tandem mass spectrometry lead to 35 spectra from which 19 peptide sequence proposals could be
derived. All these peptide sequences were merged into a single string and searched against a protein
database using MS BLAST sequence similarity searching protocol as described (Shevchenko,
Sunyaev et al. 2002). The statistical confidence of all hits was evaluated according to the MS
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BLAST scoring scheme (Habermann, Oegema et al. 2004). The database search confidently hit four
protein sequences of the mammalian homologue of podocalyxin.
Rat podocalyxin was identified in 1984 by Kerjaschki and colleagues as the major sialoprotein of
the renal glomerular epithelium (Kerjaschki, Sharkey et al. 1984). The rabbit and human
homologues were identified and characterized by Kershaw and colleagues in 1995 and 1997,
respectively (Kershaw, Thomas et al. 1995; Kershaw, Beck et al. 1997). The protein displayed
intense labelling of the foot processes of the glomerulus and was also found in endothelial cell
membranes of various organs (Horvat, Hovorka et al. 1986). Podocalyxin knockout mice die within
24 hours of birth due to anuric kidney failure. Histological analysis revealed the lack of foot
processes, leading to defective filtration slits and a decreased fenestration of the glomerular
capillaries. Both caused impaired filtration and explain the anuria (Doyonnas, Kershaw et al. 2001).
On the molecular level, podocalyxin has been shown to be connected to the actin cytoskeleton via
Na
+
/H
+
-exchanger regulatory factor-2 (NHERF-2) and ezrin (Takeda, McQuistan et al. 2001)
(figure 21).
Figure 21
Schematic drawing of podocalyxin and its ineraction
partners in the glomerulus (from Takeda et al.,
2001). Podocalyxin is a type I transmembrane
protein characterized by its heavily glycosylated
mucin domain. The DTHL motif at the C-terminus
binds to the second PDZ domain of Na+/H+-
exchanger regulatory factor-2 (NHERF-2). The
FERM domain of NHERF-2 is bound by ezrin which
connects to actin.
PCR primers for the cloning of the protein were designed based on nucleotide homologies of
mammalian podocalyxin proteins already known, and used to probe an MDCK cDNA library. From
the initially obtained fragments, new primers exactly matching the dog sequence were used to
obtain the cDNA sequence of dog podocalyxin and the corresponding amino acid sequence shown
in figure 22.
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Podocalyxin – mammalian orthologues
sp|Q9WTQ2|PODX_RAT        MRPTLALSALLLLQ---LLLLSTPSLSQ-------------DNGNKTDTSDITS--IDQN 42
mouse_NP_038751           MPPTTALSALLLL------LLSPASHS--------------HNGNETSTSAIKSSTVQSH 40
sp|O00592|PODX_HUMAN      MRCALALSALLLLLSTPPLLPSSPSPSPSPSPSQNATQTTTDSSNKTAPTPASSVTIMAT 60
rabbit_Q28645             MRSALALAALLLLLLSPPSLSQEKSPQPGPTPMATSTSTRPAPASAPAPKSSVAASVPAE 60
dog_GEKV                  --GEKVMSATVSKG---PLPGSS------------------NSVSMTLAPTQKNTVIAPD 37
                               .::* :          .                      . . .       :
sp|Q9WTQ2|PODX_RAT        QDKPATNQPSN------ATPKSSVQPPTPTSISTS---------SPDPKATQSSNSSVTT 87
mouse_NP_038751           QSATTSTEVTTGH--PVASTLASTQPSNPTPFTTSTQSPFMPTSTPNPTSNQSGGNLTSS 98
sp|O00592|PODX_HUMAN      DTAQQSTVPTSKANEILASVKATTLGVSSDSPGTTTLAQQVSGPVNTTVARGGGSGNPTT 120
rabbit_Q28645             QNTTPMTTKAPATQSPSASPGSSVENSAPAQGSTTTQQS--LSVTTKAEAKDAGGVPTAH 118
dog_GEKV                  QDEKVSTNPTIATS--DSKGIPDLNKSILPSATNSMKPDTPVTQTAGPGAQGNPGTTVSH 95
                          :     .  :       :.  .           .:            . :    .   :
sp|Q9WTQ2|PODX_RAT        TSDSTTDRTS----SSTSTVPTTSNSGQTVSSG--GKSSDKITTALPTSLGPVNASSQPT 141
mouse_NP_038751           VSEVDKTKTS----SPSSTAFTSS-SGQTASSG--GKSGDSFTTAPTTTLGLINVSSQPT 151
sp|O00592|PODX_HUMAN      TIESPKSTKS----ADTTTVATSTATAKPNTTS--SQNG----AEDTTNSGGKSSHSVTT 170
rabbit_Q28645             VTGSARPVTSGSQVAAQDPAASKAPSNHSITTKPLATEATSQAPRQTTDVGTPGPTAPPV 178
dog_GEKV                  MTSENTEQTT-----SQPPPQVKPSSITPALTSIITPTSPRQPSANSTTLKPPESSSESP 150
                                  .:        .   .. :  .  :      .    .  .*        : .
sp|Q9WTQ2|PODX_RAT        DLN-TSTKLPSTPTTNSTASPHQPV-------SHSEGQHT--TVQSSSASVSSSDNTTLL 191
mouse_NP_038751           DLN-TTSKLLSTPTTDNTTSPQQPVDSSPSTASHPVGQHTPAAVPSSSGSTPSTDNSTLT 210
sp|O00592|PODX_HUMAN      DLTSTKAEHLTTPHPTSPLSPRQPTLTHPVATPTSSGHDHLMKISSSSSTVAIPGYTFTS 230
rabbit_Q28645             TNS-TSPDLLGHATPKPSEGPQLSFPTAAGSLGPVTGSGTGSGTLSTPQGKPATLTPVAS 237
dog_GEKV                  DKSHTASSSLGTKVVPSS-SLYGTSPTRTSSVTFWGGPQSSSGTPPVPAPTPRPAATSSS 209
                            . * ..         . .   .            *        . .   . .  .
sp|Q9WTQ2|PODX_RAT        WILTTSKPTG-TSEGTQPIAISTPGITT-PVSTPLQPTGSPGGTESVPTTEEF----THS 245
mouse_NP_038751           WKPTTHKPLG-TSEATQPLTSQTPGITTLPVSTLQQSMASTVG----TTTEEF----THL 261
sp|O00592|PODX_HUMAN      PGMTTTLPSSVISQRTQQTSSQMPASSTAPSSQETVQPTSPATALRTPTLPET----MSS 286
rabbit_Q28645             SAETQGMPSPMPPSPASPSSSPFPSSPS--PSPALQPSGPSAAGTEDTTGRGP----TSS 291
dog_GEKV                  TPGISSVPGT-TSLPSETESLESPSSESPSQPPKLRPTGPPSSGSSGPAASLPDEGPRSS 268
                                 *    .  :.  :   *.  :   .       ..      .:
sp|Q9WTQ2|PODX_RAT        TSSWTPVVSQGPSTPSSTWTSGSYKLKCDPAIKPH--EELLILNLTRDSFCKGSPPNER- 302
mouse_NP_038751           ISNGTPVAPPGPSTPSPIWAFGNYQLNCEPPIRPD--EELLILNLTRASLCERSPLDEKE 319
sp|O00592|PODX_HUMAN      SPTAASTTHRYPKTPSPTVAHESNWAKCEDLETQTQSEKQLVLNLTGNTLCAGGASDEK- 345
rabbit_Q28645             STELASTALHGPSTLSPTSAVRDQRVSCGPPERPT--EQLLILNLTRSSPCTDSLPEDK- 348
dog_GEKV                  STQRAATAPRAPSVPSPTSAQGDDRIKCESPGRLT--DKMLLLNLTRSGLCAGNNSDDK- 325
                           .  :...   *.. *.  :  .   .*         :: *:****    *  .  :::
sp|Q9WTQ2|PODX_RAT        -FLELLCHSAKASFKPAEDSCALELAPILDNQAVAVKRIVIETKLSPKAVFELLKDKWDD 361
mouse_NP_038751           KLVELLCHSVKASFKPAEDLCTLHVAPILDNQAVAVKRIIIETKLSPKAVYELLKDRWDD 379
sp|O00592|PODX_HUMAN      -LISLICRAVKATFNPAQDKCGIRLASVPGSQTVVVKEITIHTKLPAKDVYERLKDKWDE 404
rabbit_Q28645             -LVTLLCRAAKPTFNPAQDQCHVLLAPMLGSHAVVVKEITIKTNLLPTAVFELLKDRWDD 407
dog_GEKV                  -LITLLCRAAKATFNPAQDQCHIRLVPIQDTQAVAIKEITVQTNLLPRDVYELLKDKWDE 384
                           :: *:*::.*.:*:**:* * : :..: ..::*.:*.* :.*:* .  *:* ***:**:
sp|Q9WTQ2|PODX_RAT        LTEAGVIDIHLGKEGPPGVNEDRFSLPLIITIVCMASFLLLVAALYGCCHQRISQRKDQQ 421
mouse_NP_038751           LTEAGVSDMKLGKEGPPEVNEDRFSLPLIITIVCMASFLLLVAALYGCCHQRISQRKDQQ 439
sp|O00592|PODX_HUMAN      LKEAGVSDMKLGDQGPPEEAEDRFSMPLIITIVCMASFLLLVAALYGCCHQRLSQRKDQQ 464
rabbit_Q28645             LREEGVSDMQLGDQGPPEETEDRFSLPLIITIVCMASFLLLVAALYGCCHQRLSHRKDQQ 467
dog_GEKV                  LKEVGVSNMKLGDQGPPEETEDRFSMPLIITIVCMASFLLLVAALYGCCHQRLSQRKDQQ 444
                          * * ** :::**.:***   *****:**************************:*:*****
sp|Q9WTQ2|PODX_RAT        RLTEELQTVENGYHDNPTLEVMETPSEMQEKKVVSLNGELGDSWIVPLDNLTKEDLDEEE 481
mouse_NP_038751           RLTEELQTVENGYHDNPTLEVMETPSEMQEKKVVNLNGELGDSWIVPLDNLTKDDLDEEE 499
sp|O00592|PODX_HUMAN      RLTEELQTVENGYHDNPTLEVMETSSEMQEKKVVSLNGELGDSWIVPLDNLTKDDLDEEE 524
rabbit_Q28645             RLTEELQTVENGYHDNPTLEVMETSAEMQEKKVVNLNGELGDSWIVPLDNLTKDDLDEEE 527
dog_GEKV                  RLTEELQTVENGYHDNPTLEVMETSSEMQEKKVVNLNGELGDSWIVPLDNLAKDDLDEEE 504
                          ************************.:********.****************:*:******
sp|Q9WTQ2|PODX_RAT        DTHL 485
mouse_NP_038751           DTHL 503
sp|O00592|PODX_HUMAN      DTHL 528
rabbit_Q28645             DTHL 531
dog_GEKV                  DTHL 508
                          ****
PTLALSA signal sequence
C conserved tetracysteine motif
N conserved (predicted) N-glycosylation site
IVCMASF transmembrane domain
DTHL PDZ domain binding
LVPIQDT peptides sequenced by MS/MS
RQPSANS 5’ of dog cDNA
SMTLAPT translated genomic sequence dog podocalyxin
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Figure 22: Comparison of dog podocalyxin with mammalian orthologues
The dog podocalyxin amino acid sequence has been translated from the nucleotide sequences of two
independent, identical cDNAs. Rat, mouse, human and rabbit podocalyxin sequences were obtained from
public databases and aligned with clustalW. Blue colour indicates peptide sequences acquired by MS/MS of
the immunopreipitated 135 kDa protein. Light green corresponds to the transmembrane domain, yellow to
the four conserved cysteines, blue to the conserved (predicted) N-glycosylation site, and red to the C-
terminal four amino acids DTHL. Between the signal sequence (grey) and the tetracysteine motif is the
mucin domain which is not conserved among podocalyxin proteins regarding amino acid sequence but rather
in serine and threonine content characteristic for highly O-glycosylated proteins. Pink signifies the 5’ of all
cDNAs obtained. It is clear that the N-terminus is missing. A genomic clone (wgs database) covering the 5’
end is shown in grey shading. Note that one peptide sequence is identical to the sequence predicted by the
translation of the putative exon.
The translated cDNA sequence exactly matched the peptide sequences obtained by mass
spectrometry. Alignment of mammalian podocalyxin proteins including the dog orthologue shows a
highly conserved C-terminal part. Both the transmembrane domain and the cytoplasmic tail are
almost identical in the different species. The extracellular part next to the transmembrane domain
features a conserved tetracysteine motif, but the degree of conservation, although still recognizable,
is less than for the C-terminus. The N-terminal half of the protein is functionally conserved with
respect to the high content of serine, threonine and proline charactistic for O-glycosylated mucins,
but there is no linear sequence homology. This has been noted before when rabbit, human, mouse
and rat podocalyxin proteins were compared (Kershaw, Beck et al. 1997; Takeda, Go et al. 2000).
3.2.5 Podocalyxin domain mutants
The interesting property of gp135/podocalyxin was that it exhibited a localization different from
other apical membrane proteins during MDCK cell polarization. To investigate which features are
responsible for this at the molecular level, a series of expression plasmids corresponding to the
proteins shown in figure 23 was constructed. Pcx-ct lacks the four C-terminal amino acids Asp-
Thr-His-Leu which constitute a PDZ domain binding motif (Takeda, McQuistan et al. 2001; Li, Li
et al. 2002). Pcx-tail lacks the whole cytoplasmic tail. Pcx-GPI consists of the exoplasmic domain
attached to the membrane by a GPI anchor instead of the transmembrane domain. Pcx-muc lacks
the extracellular mucin domain and pcx-ecto is the soluble podocalyxin ectodomain. In order to
study the involvement of the ectodomain in podocalyxin localization the whole exoplasmic domain
was substituted with glycosylated GFP.
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Figure 23: Overview of podocalyxin domain mutants
sstag signal sequences followed by a VSV-G epitope tag
mucin Ser-Thr rich O-glycosylated extracellular domain
C4 tetracysteine stem region
TMD transmembrane domain
cytopl. tail cytoplasmically oriented tail sequence
DTHL Asp-Thr-His-Leu C-terminal amino acids
gl-GFP GFP containing two N-linked glycosylation sites
pcx epitope tagged full-length podocalyxin
pcx-ct deletion of C-terminal DTHL motif
pcx-tail deletion of cytoplasmic tail
pcx-GPI GPI-anchored podocalyxin extracellular domain
pcx-ecto soluble podocalyxin extracellular domain
pcx-muc deletion of mucin domain
GFP-tmd-tail extracellular GFP with podocalyxin transmembrane domain and cytoplasmic tail
GFP-tmd-tailct GFP-tmd-tail without C-terminal DTHL
Epitope-tagged podocalyxin showed the same restricted localization as endogenous podocalyxin at
the single cell stage one hour after seeding, being absent from the highly dynamic basal perimeter
of the cell and distributing over the remaining free surface (figure 24 A). Pcx-GPI, and pcx-ct to a
lesser extent, localized all over the plasma membrane, including the basal processes devoid of
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endogenous podocalyxin (figure 24 A; quantification figure 24 B). Pcx-tail could not be analyzed
properly in the single cell state due to its pronounced intracellular localization. Pcx-muc localized
like pcx-ct, but seemed to drag endogenous podocalyxin along into the basal perimeter which also
complicated the evaluation. The analysis suggests that the four C-terminal amino acids alone are
involved in keeping podocalyxin on the dorsal face of a single attached cell.
Figure 24: Localization of podocalyxin domain mutants in single cells
A. One day prior to the experiment, MDCK cells were nucleofected with 5 µg DNA encoding for the mutant
pcx protein and seeded into 6-well plates. On the following day, cells were detached by a 45 min incubation
in 1 mM EDTA/PBS followed by 10 min trypsin/EDTA, resuspended and replated onto coverslips. Cells were
allowed to attach for 1 h before fixation and subjected to immunofluorescence. Shown are vertical sections of
confocal stacks aquired with a slice thickness of 300 nm. Endogenous podocalyxin is stained with the anti-
gp135 antibody and displayed in red, the mutant proteins are stained with anti-VSVG-tag antibody and are
displayed in green. Scalebars 5 µm.
B. Quantification of the restricted localization in single cells. Endogenous podocalyxin is excluded from the
dynamic membrane region in the basal foot of single cells that are just attaching to the substratum. A
phenotype similar to endogenous podocalyxin is scored as “only free surface”, additional staining of the foot
region was scored as “also in foot”. While the full-length construct behaves like endogenous podocalyxin, all
mutant proteins also enter the foot region of the attaching cells. In the case of muc, all stained foots also
contained endogenous podocalyxin, suggesting that it was dragged along with the mutant protein into this
membrane region.
At the island stage of polarization four hours after plating, epitope-tagged podocalyxin was, like the
endogenous protein, only present on the free surface and absent from the cell-cell or cell-substratum
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Figure 25: Localization of podocalyxin domain mutants in islands of cells
A. One day prior to the experiment, MDCK cells were nucleofected with 5 µg DNA encoding for the mutant
pcx protein and seeded into 6-well plates. On the following day, cells were detached by a 45 min incubation
in 1 mM EDTA/PBS followed by 10 min trypsin/EDTA, Cells were allowed to attach for 4 h before fixation and
immunofluorescence. Shown are confocal sections through the middle of the cells.  Scalebars 5 µm.
B. Quantification of the restricted localization in islands of cells. Endogenous podocalyxin is excluded from
the basal membrane and also from the sites of cell-cell contact. A phenotype similar to endogenous
podocalyxin was scored as “free surface only”, additional staining of the basal membrane or of the cell-cell
contacting membrane was scored as “basal and cell-cell contacting membrane”. The full-length construct
behaved exactly like endogenous podocalyxin and is never seen at sites of cell-cell or cell-substratum
contact. Also ct, muc and tail were restricted to the free surface and were only seldomly detected in
contacting membrane regions. Only pcx-GPI also occupied the basal and cell-cell contacting membrane.
contacting membrane (figure 25 A). Pcx-ct, -tail and -muc were also absent from the contacting
membrane, suggesting that neither the cytoplasmic tail nor the mucin domain alone are involved in
keeping podocalyxin away from the sites of cell-cell or cell-substratum contact (quantification
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figure 25 B). In this regard, Pcx-ct and -tail behaved differently from other apical proteins like
gp114 and PLAP (compare to figure 13 B). Pcx-GPI on the other hand was distributed all over the
plasma membrane indicating that the transmembrane domain plays a role in restricting the
localization of podocalyxin to the free surface of the cells (Figure 25 B).
Figure 26: Localization of podocalyxin domain mutants in terminally polarized cells
A. MDCK cell pools stably expressing the mutant pcx protein were seeded onto filters and allowed 4 days for
polarization. Shown are confocal sections of the apical region of MDCK cells. Domain mutant proteins are
shown in green, and endogenous podocalyxin in red. The insets for ct and p-gpi are taken from the cell in
the center of the picture, but 0.92 m above the plane of the apical membrane. Scalebar 10 m.
B. Quantification of the restricted localization. Endogenous podocalyxin is excluded from the centre of the
apical membrane after cells are polarized. This exclusion area is occupied by the basal body of the
outgrowing primary cilium. All untransfected cells (100%) show an exclusion area for endogenous
podocalyxin. A phenotype similar to endogenous podocalyxin is classified as “restricted”, whereas an
unrestricted localization for the expressed mutant podocalyxin is scored as “unrestricted”.
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Stably transfected pools of MDCK cells grown on semipermeable filters until terminally polarized
were analyzed for apical surface distribution of podocalyxin mutant proteins (figure 26). Epitope-
tagged podocalyxin showed a high degree of overlap with endogenous protein. Both proteins were
excluded from the central apical region where the outgrowth of the primary cilium was localized
and from the outer rim of the apical membrane. Pcx-ct, and pcx-tail were localized all over the
apical surface and were also present in the membrane of the primary cilium which could be
visualized in a section roughly 1m above the plane of the apical surface (insets in figure 26 A).
This is in disagreement with data reported by Li and colleagues who see pcx-ct mainly
intracellular (Li, Li et al. 2002). Pcx-GPI displayed even less overlap with endogenous podocalyxin
and could also access the ciliar membrane (figure 26 A, insets). Interestingly, pcx-muc was absent
from the center region like endogenous podocalyxin and pcx, indicating that the mucin domain is
dispensable for the restricted apical localization of podocalyxin (quantifications in figure 26 B).
These observations suggest that the restricted apical localization of podocalyxin is only dependent
on the four C-terminal amino acids. Expression of GFP-tmd-tail and GFP-tmd-tailct, which differ
only in the DTHL motif, gives the same result regarding apical surface distribution as pcx and pcx-
ct, respectively (not shown).
Furthermore, the degree of apical localization in the polarized cell layer was evaluated by taking
vertical images of filter grown cells. Pcx, Pcx-ct, and pcx-GPI all localized to the apical side
(figure 27 A, only pcx is shown). GFP-tmd-tail lacking the podocalyxin exoplasmic domain was
partially sorted basolaterally (figure 27 A, quantification figure 27 B). This suggests that the
exoplasmic domain of podocalyxin contributes to apical sorting, and that the replacement by
glycosylated GFP is not as effective in this regard. For direct analysis, the secretion of the soluble
podocalyxin ectodomain pcx-ecto from polarized MDCK cells was assayed (figure 27 C). Soluble
podocalyxin is secreted predominantly to the apical side, giving additional support to the idea that
there is apical sorting information in the exoplasmic domain. GFP-tmd-tailct was even more
routed to basolateral membrane than GFP-tmd-tail (figure 27 A, quantification figure 27 C). Since
the only difference to the GFP-tmd-tail construct was the lack of the four C-terminal amino acids,
this would suggest that also the PDZ-binding motif is involved in securing apical localization. The
fact that small amounts of pcx-ct were always observed inside the cell (data not shown) suggests a
scenario in which the ectodomain is the primary sorting signal for newly synthesized podocalyxin,
while the PDZ-bindig domain retains the protein on the apical surface once it is there.
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Figure 27: Podocalyxin contains at least two apical sorting determinants
A. Vertical sections of confocal stacks showing terminally polarized MDCK cells stably expressing pcx, GFP-
tmd-tail or GFP-tmd-tailct.
B. Quantification of apical and basolateral localization. Images were recorded so that the complete range of
fluorescence intensities was included. Apical and basolateral membranes were outlined and fluorescence
units calculated using Image J software. Relative apical and basolateral contributions were first calculated for
individual cells and then for all cells of one population.
C. MDCK cells stably expressing podocalyxin without transmembrane domain and cytoplasmic tail were
analysed by a secretion assay. Media supernatants were collected for 2h from filter grown MDCK cells and
analysed by Western blotting. The molecular weight of this truncated podocalyxin (ecto) is about 110 kDa
(molecular weight marker is 115 kDa, A= apical, B=basolateral).
In subconfluent cells, the transmembrane domain of podocalyxin and possibly also parts of the
cytoplasmic tail are necessary to keep the protein away from contacting membrane regions. Later,
the ectodomain and the PDZ-binding motif are responsible for apical sorting and retention. The
PDZ-binding motif however seems to be sufficient for keeping podocalyxin on the dorsal face of a
single attached cell, as well as for the restricted apical localization on filter-grown cells. Thus, PDZ-
binding proteins could be part of a scaffold responsible for the special localization of podocalyxin.
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3.2.6 NHERF-2 shares the special localization of podocalyxin
NHERF-2 is a cytoplasmic protein containing two PDZ domains, and has been shown to interact
with podocalyxin and ezrin (Takeda, McQuistan et al. 2001; Li, Li et al. 2002). NHERF proteins
bind to a number of other PDZ domain-binding motif containing proteins, and by virtue of their
ezrin/radixin/moesin (ERM) binding region provide a link between the plasma membrane and the
actin cytoskeleton (Bretscher, Chambers et al. 2000; Voltz, Weinman et al. 2001).
Regarding the temporal sequence of events during polarization it is clear from the data shown so far
that the localization of podocalyxin reflects an early event of plasma membrane organization not
shared by the other apical membrane proteins analyzed. Interestingly, NHERF-2-GFP localized to
the free surface of single cells almost as exclusively as podocalyxin (figure 28 A). This was even
the case 15 minutes after plating (not shown). At the island stage, NHERF-2-GFP still distributed
similarly to podocalyxin, staining the free surface but not the cell-cell or cell-substratum contacting
membrane regions (figure 28 B). Direct comparison of NHERF-2-GFP to gp114 and 1-integrin
underscored the early localization of NHERF-2-GFP to the free surface, differing from other
plasma membrane proteins. Also ezrin was found to be highly enriched on the apical surface of
single attached cells and islands of cells (figure 29). Immunofluorescence of polarized MDCK cells
grown on filters showed that NHERF-2-GFP overlapped to a high degree with endogenous
podocalyxin, and that both proteins were excluded from a large area around the site of outgrowth of
the primary cilium as well as from the outer rim of the apical membrane (figure 28 C). Thus, the
distinct localization properties of podocalyxin are shared by NHERF-2, a peripheral membrane
protein, which confirms the existence of this specialized feature of the plasma membrane
architecture. Also, it strengthens the hypothesis that there might be a PDZ-mediated scaffold
stabilizing this architecture.
One way to test this hypothesis was to analyze the lateral mobility of podocalyxin and NHERF-2 in
MDCK cells during different stages of polarization by FRAP measurements. It has been reported
before that proteins initially displaying high lateral mobility become immobile by binding to a
scaffold (Tanimura, Nagafuku et al. 2003). A podocalyxin-GFP construct was not suited for FRAP
measurements on single cells, since it was rapidly endocytosed following detachment of the cells
with EDTA and was not retained on the surface in amounts sufficient to give enough intensity for
reproducible recordings. Instead, NHERF-2 was chosen for the analysis. MDCK cells stably
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Figure 28: NHERF-2 shows a restricted localization very similar to that of podocalyxin.
MDCK cells stably expressing NHERF2-GFP were detached by a 60 min incubation in 1 mM EDTA/PBS,
resuspended and seeded onto coverslips (A,B) or polycarbonate filters (C). Coverslip grown cells were
allowed to attach for 1 h (A, single cells) or 4 h (B, islands of cells) before fixation and subjected to
immunofluorescence. Filter grown cells were allowed to polarized for 4 days before fixation and
immunofluorescence. Scalebars 5 µm.
62
 Results part II -The formation of the apical membrane
Figure 29
Ezrin is enriched on the apical surface of
single attached cells and islands of cells.
MDCK cells were detached with trypsin/EDTA,
resuspended and seeded onto coverslips.
Cells were allowed to attach for 2 h (A) or 4 h
(B) prior to fixation and were immunostained
for ezrin. Shown are vertical sections of
confocal stacks aquired with a slice thickness
of 300 nm (A and B), as well as a confocal
section through the middle of the cells (B).
Scalebars 5 µm.
Figure 30: NHERF diffuses freely in single attached cells, but becomes anchored in a cell monolayer.
MDCK cells stably expressing NHERF2-GFP were detached with trypsin/EDTA, resuspended and seeded
onto coverslips. Cells were allowed to attach for 1 h (A) or to form a monolayer for 2 days (B) prior to live
imaging. A spot of 12 µm
2
 was bleached using high laser power, fluorescence recovery was recorded at
1/100 of the laser power.
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expressing NHERF-2-GFP were detached with trypsin/EDTA, resuspended, seeded onto coverslips,
and allowed to attach for one hour. FRAP recordings were carried out as described in part I of this
thesis using a circular bleach region of 12 µm
2
 on the dorsal/apical surface of single attached cells.
The obtained fluorescence intensity plots indicated free mobiliy of the protein (figure 30 A).
However, performing the same experiment on the apical side of an MDCK cell monolayer
expressing NHERF-2-GFP revealed that the protein was now almost completely immobile (figure
30 B). The flat recovery curves indicate a very slow movement of the protein, which could possibly
be due to a small fraction of NHERF-2 dissociating from and associating back with the membrane
or the sub-membraneous cytoskeleton during the recording.
These results show that the physical properties of the apical membrane domain of MDCK cells
change significantly during the polarization from a single cell to a monolayer and again argue for a
submembraneous scaffold increasingly stabilizing this domain as it forms. NHERF-2 and
podocalyxin could be part of this scaffold.
3.2.7 Podocalyxin knockdown by RNA interference
In order to shed light on the functional role of podocalyxin in the apical scaffold during MDCK cell
polarization, a method to deplete the protein in polarized MDCK cells using RNA interference
(RNAi) needed to be established. A protocol for retrovirus mediated expression of short hairpin
RNAs (shRNAs) had recently been established in the lab (Schuck, Manninen et al. 2004), but in
order to improve the knock-down efficiency, more shRNAs had to be loaded into the cells by two
sequential nucleoporations with knockdown sequence containing pSuper-plasmids (for details see
materials and methods). With this method, mRNA-levels could be decreased by 90% (not shown)
and podocalyxin protein-levels diminished to roughly 10% of control levels (figure 31 A).
Podocalyxin knockdown cells displayed a retardation in cell growth when compared to control cells
expressing ineffective shRNAs. While control cells were doubling in number at least every 24
hours, knockdown cells usually did not significantly increase in number before the 4
th
 day in culture
(figure 31 B). Since the aim was to investigate the polarization capabilities of the knockdown cells,
cells were seeded onto polycarbonate filters at low densities so that the formation of a confluent
monolayer would require one more cell division. Under these conditions, knockdown cells grown
on filters for two to three days showed a defect in polarization (figure 31 C). Knockdown cells
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Figure 31: Podocalyxin knockdown by RNAi
A. Knockdown efficiency for dog podocalyxin of MDCK cells. Total lysates (15 µg protein) of knockdown cells
(kd) were compared to control cells (ctrl; 1/1: 15 µg, 1/3: 5 µg, 1/10: 1 µg). Podocalyxin was reduced to about
10% of wildtype levels in knockdown cells. Transferrin receptor (Trf-R) served as a loading control.
B. Growth retardation of podocalyxin knockdown cells. Cells were seeded into 6 different wells at day 0, and
trypsinized cells were counted each day. At 4x10
6
 cells/ 10 cm
2
 cells were confluent.
C and D. Immunofluorescence analysis of filter grown knockdown cells. Marker proteins are gp58
(basolateral), gp114 (apical) and PLAP (apical). Midsections through filter grown cells show that the
knockdown cells are confluent but occupy a larger surface area (C, corresponding vertical section above).
Vertical sections of filter grown cells show that knockdown cells are flatter than control cells and that they do
not establish correct apical-basal polarity. (D) MDCK cells infected with PLAP expressing adenovirus and
stained for PLAP or stained for gp114 or gp58 (C). Scalebars 10 µm.
occupied a larger surface area and were not as tall when compared to control cells. The basolateral
marker protein gp58 displayed unpolarized distribution in knockdown cells but was properly
localized on control filters. Similarly, the apical localization of gp114 and PLAP was changed to an
unpolarized pattern. This defect in polarization appeared to be a retardation, since seeding the cells
at higher densities or continuing cultivation for two more days led to a normalization of polarization
so that knockdown and control cells could not be distinguished any longer. The conclusion from
these experiments is that podocalyxin has a role in efficient polarization of MDCK cells, but that its
function can eventually be replaced.
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4 DISCUSSION
4.1 Raft lipids and microvilli
The apical membrane of columnar epithelia is subdivided into microvillar and planar regions. This
organization could be visualized by AFM imaging at very low forces and low speed. However,
individual microvilli appeared clustered, making the correlation of a protrusion to a single
microvillus difficult. The fact that AFM relies on a mechanical interaction with the sample gives
rise to small distortions of the image: flexible structures can be bent in the scanning direction of the
AFM stylus, or the stylus can slide off their side during the scanning process. Both lead to an
underestimation of the height of the observed structures which explains why the microvilli heights
measured by AFM are lower than what is measured on electron micrographs. Furthermore,
microvillar heights seemed to be variable. One reason could be that MDCK cell microvilli are
dynamically growing and shrinking rather than keeping a fixed size like intestinal brush border
microvilli (Danielsen and Hansen 2003). In fact, scanning ion conductance microscopy on the
surface of living Xenopus laevis kidney epithelia revealed that microvilli were very dynamic
(Gorelik, Shevchuk et al. 2003).
Microvilli formation requires the reorganization of the cytoskeleton, i.e. actin bundling and the
connection of the actin filaments to the membrane (Mooseker 1985). It is possible, that the lateral
organization of the plasma membrane influences the interaction between membrane components
and the submembraneous actin cytoskeleton. There is evidence that actin accumulates preferentially
underneath patches of clustered rafts and is less abundant underneath membrane domains devoid of
raft-components (Harder and Simons 1999). In accordance with this, depleting MDCK cells of raft
lipids resulted in loss of microvilli, as described in this thesis. MbCD treatment of MDCK cells has
been reported earlier to remove microvilli from the cell surface (Francis, Kelly et al. 1999;
Colarusso and Spring 2002). However, in the experiments performed here, MbCD treatment alone
gave only a mild phenotype. In addition to cholesterol, also glycosphingolipids seemed to be
important for microvilli formation and/or maintenance. Whereas inhibiting glycosphingolipid
synthesis with myriocin or fumonisin reduced the number of microvilli on some cells in the
monolayer, a complete smoothening of the apical surface due to loss of microvilli was observed
only after a combined depletion of glycosphingolipids and cholesterol. The results indicate that the
presence of raft lipids in the plasma membrane is critical for the organization of the MDCK cell
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surface into microvillar and planar regions.
One of the organizers of the membrane-cytoskeleton interface is phosphatidyl-inositol-4,5-
bisphosphate (PI(4,5)P2) which has been shown to accumulate in raft domains (Pike and Miller
1998; Laux, Fukami et al. 2000). Furthermore, raft domains have been reported to be preferred sites
for membrane-linked actin polymerization requiring tyrosine signalling and local synthesis of
PI(4,5)P2 in the cytosolic leaflet (Rozelle, Machesky et al. 2000). Interestingly, cholesterol
depletion has been reported to result in the loss of PI(4,5)P2 from the plasma membrane, leading to
alterations in the actin cytoskeleton (Kwik, Boyle et al. 2003). Something similar might be
happening in the apical membrane of MDCK cells where a disruption of PI(4,5)P2 domains might
break the connection between the actin cytoskeleton and the plasma membrane and ultimately lead
to a loss of microvilli.
To date, there is no evidence for a special lipid composition of the microvillar regions compared to
the planar regions between the microvilli. With respect to membrane curvature, there is a high
degree of positive curvature in the microvillar regions, no curvature in the planar regions, and
negative curvature in small rings at the base of the microvilli. Curvature can be promoted by
proteins (Farsad, Ringstad et al. 2001), but could also be driven by the arrangement of lipids within
the membrane. Lipids can be divided into three categories according to their shape: cone-shaped
lipids with small headgroups and bulky hydrocarbon chains, cylindrical lipids, and inverted cone-
shaped lipids with large headgroups and slender hydrocarbon chains. Glycosphingolipids would be
typical inverted cone-shaped lipids with large headgroups composed of one or more sugar moieties
and slender, mostly saturated acyl chains. Given the highly positive membrane curvature
throughout the microvillus, the exoplasmic leaflet of the microvillar membrane would be prone to
incorporate mostly inverted cone-shaped lipids and should thus favour glycosphingolipids. Since
these are major raft-components, it seems likely that microvilli could be especially enriched with
raft-domains. The hypothesis is true for budding influenza virus and budding HIV (Scheiffele,
Rietveld et al. 1999; Nguyen and Hildreth 2000). Both select liquid ordered domains as their
budding sites and thus form positively curved structures with a high raft-lipid content in the
exoplasmic leaflet.
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4.2 Is the apical membrane a percolating raft membrane?
The first approach taken to visualize compartmentalization of the apical plasma membrane was
antibody patching. Clustering of antigens had been successfully employed to visualize raft domains
on fibroblasts and Jurkat cells (Harder, Scheiffele et al. 1998). Simultaneous clustering of two raft
proteins led to their co-localization in distinct patches on the cell surface, while a raft and a non-raft
protein appeared in separate clusters after simultaneous clustering. Thus, even though the size of
steady state raft domains was below light microscopic resolution, the compartmentalization of the
membrane into raft and non-raft domains could be visualized by clustering. When the same
technique was applied to the apical membrane of MDCK cells, two raft proteins could not be co-
clustered into the same patches. The low co-clustering efficiency could be confirmed by measuring
the average distance between raft clusters of two different proteins on electron micrographs
(Verkade, unpublished results). Furthermore, raft clusters had been reported to be much smaller on
the apical membrane of MDCK cells than on the plasma membrane of a fibroblast (Verkade, Harder
et al. 2000). Taken together, these findings indicated that the domain organization of the apical
plasma membrane was very different from that of a fibroblast.
A second, independent approach was taken to shed light on the domain organization of the apical
plasma membrane. Measuring the long-range diffusion of raft and non-raft components should give
an indication whether they are present in small, isolated domains or whether they are part of a
continuous phase. FRAP measurements had been applied earlier to study domain formation in cell
and model membranes (Yechiel and Edidin 1987; Schram, Tocanne et al. 1994), and Monte Carlo
simulations have been used to describe percolating phases on the basis of FRAP measurements on
model membranes (Coelho, Vaz et al. 1997). In order to calculate the size of the observed domains
from FRAP experiments, the bleaching spot has to be of the same size as the domains (Coelho, Vaz
et al. 1997), which makes the measurement of domain sizes by FRAP impossible for cell
membranes. Furthermore, FRAP experiments give information about a population of proteins and
are thus very different from single particle tracking studies. A slowed mobility due to hindered
diffusion will therefore only be apparent if all proteins are affected similarly, and if the mobility
shift is strong enough to be visualized. The two readouts of a fluorescence recovery curve are the
mobile and immobile fractions of the observed fluorophore and its apparent diffusion coefficient. A
high increase in the immobile fraction of a protein is observed when the protein becomes anchored
by the cytoskeleton or trapped in a fixed protein complex, as was observed for the T-cell
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transmembrane protein LAT when it enters the immunological synapse (Tanimura, Nagafuku et al.
2003). The diffusion coefficient is not as easy to interpret because it is a composite of different
processes taking place in parallel during the recording. Proteins are partitioning into and out of their
preferred membrane domains, they encounter different viscosities due to different lipid
environments, as well as obstacles such as transmembrane proteins. The diffusion coefficient
therefore does not correspond to the physically defined coefficient for a freely diffusing object and
can not be used to calculate the size of the diffusing object. Nevertheless, the diffusion coefficient
gives an indication for the “efficiency” of the diffusion process being studied.
The FRAP experiments described in this thesis, were performed with a bleach spot at least 50 times
larger than the expected domain sizes (2.5-3.5 µm diameter bleaching spots opposed to 0.05 µm
diameter rafts). Diffusion of the proteins was recorded for no longer than three minutes in order to
reduce the impact of fluorescence gain or loss by vesicle fusion or budding on the recovery curve.
The diffusion coefficients obtained were in the range of what has been reported for diffusion of
proteins and lipids within cell membranes (Lippincott-Schwartz, Snapp et al. 2001). In PtK2 cells,
raft and non-raft protein diffusion lead to equally efficient recovery. This can be explained by rafts
diffusing as entities whose diffusion behaviour is not drastically different to that of a single protein
due their small size (Pralle, Keller et al. 2000). In contrast to this, non-raft protein diffusion was an
order of magnitude slower than raft protein diffusion in the apical membrane of MDCK cells. A
direct comparison between the diffusion coefficients obtained in PtK2 cells and those obtained in
MDCK cells is not possible, since the two membranes are topologically very different and the
bleached areas cannot be precisely determined. The surface of the apical membrane is increased
several-fold by the microvilli, effectively resulting in a larger bleached area when the same
bleaching spot is used. Nevertheless, parameters obtained for different proteins in the same cell
system are comparable.
One drawback of this approach is the use of proteins. First, some of the overexpressed GFP-fusion
proteins were not exclusively localized to the plasma membrane but also to internal organelles. The
fact that MDCK cells are 10-12 micrometers tall, in most cases allowed the restrictive confocal
imaging of a one-micrometer slice of the apical membrane. ER-staining, however, made imaging
impossible since it was spatially too close to be confidently separated from plasma membrane
staining. Consequently, many constructs of the repertoire proved to be unsuited for the study.
Second, the variations between the results obtained for the different proteins studied are to a great
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extent due to their different topologies. Transmembrane domains span the whole bilayer and could
thus reside at the same time in two very different lipid environments. Their possible interactions
with other proteins complicate the situation. Most likely, lipid probes would be better phase
markers. Probes with high preference for liquid disordered domains are readily available (e.g.
Rhodamine Green-tetradecylamide RG-C(14:0); Abreu, Estronca et al. 2003). YFP-GL-GPI has
proven a good marker of liquid ordered domains, as it can be regarded as a lipid with a very bulky
headgroup, and interactions of other proteins with the YFP-moiety are unlikely. In this way one
would study phase markers rather than individual proteins and obtain a much better picture of the
membrane organization.
Nevertheless, the results indicate that non-raft proteins are more hindered in their diffusion within
the apical membrane than raft proteins. There are several possible explanations for this behaviour:
1) the proteins are anchored to the cytoskeleton via their cytoplasmic tail, 2) the proteins are bound
in a large complex which makes them diffuse slowly, and 3) they are trapped in domains that can
not communicate with the bleached area. The fact that all proteins are mobile indicates that there is
no permanent anchoring to the cytoskeleton. The slow diffusion of non-raft proteins could thus only
be explained by transient interactions with the cytoskeleton. A diffusion-blocking or -hindering role
of the cytoplasmic tail could however be ruled out directly for the LYGT46 construct, since the
deletion of the cytoplasmic tail (rendering LYGT5) did not alter its diffusion behaviour. Binding to
a large complex that would be hindered more by obstacles like transmembrane proteins (e.g.
transient association of HA with clustered rafts, i.e. a big complex, has been shown to slow down
its diffusion; Shvartsman, Kotler et al. 2003), would slow down diffusion. Also this possibility
seems unlikely since it would demand that the responsible interactions take place very specifically
and exclusively in the apical membrane of MDCK cells and not in PtK2 cells where all proteins
display fast diffusion. This leaves the third explanation which assumes that the non-raft proteins are
trapped in isolated domains that can not diffuse as entities.
How could a scenario like this and the unique patching behaviour be explained? As mentioned
earlier, it can be extrapolated from previous studies that the apical membrane must be enriched in
raft lipids compared to the basolateral membrane. Could it even be so much enriched that raft lipids
form the major constituent and that the apical membrane would in fact be one big raft with small
non-raft domains? If the plasma membrane could be simplified to a two-phase system, in which a
more ordered phase (the raft domains) co-exists with a less ordered phase (the “non-raft” domains),
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the different patching behaviour of the MDCK cell apical membrane in comparison with the
fibroblast plasma membrane could be explained by the model depicted in figure 32. The upper two
drawings illustrate the situation in the fibroblast, the plasma membrane of which is basically a non-
raft phase (blue) with single dispersed raft domains (pink). Both phases contain distinct subsets of
proteins. Upon antibody patching, not only the antigens are dragged together as single proteins, but
because of the strong interaction within the raft entities, whole raft domains are clustered together.
These are observed in the light or electron microscope as large patches containing several different
raft proteins. The apical membrane of MDCK cells, on the other hand, would contain small non-raft
domains dispersed in a continuous raft phase (lower two drawings in figure 32). Since the raft
proteins are in this case distributed in a continuous phase, antibody patching would just move
antigens of one species together into small patches and there would be no amplification of
interaction forces. Indeed, small, segregated patches were observed in the light and electron
microscope. Considering the diffusion measurements, non-raft domains in the apical membrane
should behave like ponds in a swamp, resembling less tightly packed regions in a more tightly
packed environment. In contrast to raft domains in a continuous non-raft membrane, they are less
likely to diffuse as entities. A non-raft protein trapped in these isolated domains, would therefore
have two possibilities to find its path into the bleached area. Either the protein stays in its preferred
phase and depends on transient fusions of domains to reach the bleached area, or it partitions out of
its preferred phase and diffuses within the other phase. Both processes would be inefficient and
result in a slow recovery in a FRAP experiment.
Taken together, the data obtained by antibody patching and by FRAP measurements are best
described by the apical membrane being a percolating raft membrane. This concept does not only
make sense with respect to the lipid composition of the apical membrane, but also received a very
interesting counterpart in a study recently published by Mitra and colleagues (Mitra, Ubarretxena-
Belandia et al. 2004). They measured the bilayer thickness of vesicles retrieved from subcellular
fractions enriched in different organelles. In a second step, the lipids were extracted from the
fractions and reconstituted into now protein-free vesicles. The fact that the average thickness of
most of the bilayers was different in the protein containing and the protein free vesicles, was used
by the authors to claim that membrane thickness was determined by proteins and that there was no
pre-existing hydrophobic match between the lipids and transmembrane proteins in a specific
organelle. Interestingly, the apical membrane was the only sample that displayed the same thickness
in the original and in the protein-free, reconstituted vesicles. An attractive explanation would be
71
Organization and formation of the apical membrane of epithelial cells
Figure 32: Percolating phase model
The upper half depicts the situation in BHK cells, in which the membrane mainly consists of non-raft lipids
with isolated raft domains being dispersed in the bilayer. Upon antibody clustering the antigens are drawn
together and drag raft lipids as well as other raft proteins along. Accumulation of protein-lipid-interactions
multimerizes the attractive forces and leads to coalescence of more raft domains, which in the end results in
the formation of large clusters containing several different raft proteins.
The lower half depicts a situation in which the amount of raft lipids in the membrane is above the percolation
threshold, resulting in a continuous raft phase. Since all raft components are freely diffusing in the
percolating phase, antibody clustering here only leads to crosslinking of the antigen, there should be no co-
patching and clusters should be small. We propose that this could be the scenario in the apical membrane of
MDCK cells.
that the lipids themselves display a high order which determines the bilayer thickness independent
of transmembrane proteins. Furthermore, Mitra and colleagues concluded that the lack of
hydrophobic match between proteins and lipids could be necessary to keep most membranes in a
high energy state and in this way facilitate membrane deformation necessary for vesicle budding
and fusion events. Turned around, this would argue that the apical membrane resides in a low
energy state and is thus very stable, a prerequisite for its protective function.
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4.3 How is the apical membrane formed during cell polarization?
The formation of the apical membrane has to be a robust and well-regulated process giving rise to a
very stable plasma membrane domain able to protect the cell against the aggressive lumenal
environment and at the same time facilitate communication and selective transepithelial transport.
All epithelia in a mammalian organism are derived by mesenchymal-epithelial transitions. This
process can be assessed in an organ culture system like the metanephric mesenchyme (Lehtonen,
Virtanen et al. 1985) which can be induced to form the different cell types of the nephron but is
quite complicated to work with. A much more simple approach is to analyse the re-polarization of
MDCK cells following detachment and re-seeding. Focussing only on the establishment of
membrane polarity, it was obvious that different membrane proteins became polarized, i.e. were
localized to a specific subdomain of the plasma membrane, at different time points. The segregation
of apical and basolateral domains appeared to happen gradually over three days and conclude with
the formation of the primary cilium.
Whereas viruses were reported to bud from single MDCK cells in a polarized fashion (Rodriguez-
Boulan, Paskiet et al. 1983), most endogenous MDCK membrane proteins need extensive cell-cell
contacts or even fully established tight junctions in order to achieve a localization restricted to
either the apical or the basolateral membrane domain (Balcarova-Stander, Pfeiffer et al. 1984;
Herzlinger and Ojakian 1984). The most important result in the second part of this thesis is
therefore the exceptionally early apical localization of the MDCK cell antigen gp135. When the
protein was first described by Ojakian and colleagues it was shown to localize apically prior to the
formation of tight junctions (Ojakian and Schwimmer 1988). Since then, antibodies against gp135
have been widely used to mark the apical surface, but neither had the identity of the protein been
solved, nor were its localization and polarization properties ever compared to those of other apical
proteins. This thesis gives evidence that gp135 is restricted to the “apical” surface already in single
cells and is never found in cell-cell or cell-substratum contacting membranes, in contrast to other
apical proteins studied (gp114, PLAP and ICAM-1).
Purification and mass spectrometric analysis identified gp135 as podocalyxin, the dog homologue
of the major sialoprotein in the glomerulus of the kidney (Kerjaschki, Sharkey et al. 1984). MDCK
cells are thought to be derived from the distal tubule or collecting duct of the nephron (Cereijido,
Robbins et al. 1978), but their expression programme has apparently changed during
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immortalisation and continuous culture. Podocalyxin is a type I transmembrane protein
characterized by its heavily O-glycosylated mucin domain containing both sialic acid and sulphate
groups to give it a polyanionic character (Dekan, Gabel et al. 1991). The cytoplasmic tail is highly
conserved between species and its four C-terminal amino acids, DTHL, have been shown to
constitute a PDZ-binding motif, the major binding partner of which is NHERF-2 (Takeda,
McQuistan et al. 2001; Li, Li et al. 2002). NHERF proteins contain two tandem PDZ domains and
an ezrin-binding domain (Weinman, Steplock et al. 1995), and provide a link between
transmembrane proteins and the actin cytoskeleton. Furthermore, they can homodimerize and in this
way create scaffolds for multiprotein signalling complexes (Nourry, Grant et al. 2003). Proteins
binding to NHERF include a large number of apical ion channels and transporters, such as Na
+
-H
+
-
exchanger 3 (NHE3) (Weinman, Steplock et al. 2000) and the cystic fibrosis transmembrane
conductance regulator (CFTR) (Hall, Ostedgaard et al. 1998), receptors like the 2-adrenergic
receptor (Hall, Ostedgaard et al. 1998), as well as enzymes (Suh, Hwang et al. 2001; Mahon,
Donowitz et al. 2002). For several of these, the C-terminal PDZ-binding motif has been reported to
function as an apical targeting signal (Shenolikar and Weinman 2001). Apical sorting of
podocalyxin was dependent on its ectodomain and its PDZ-binding motif. The soluble podocalyxin
ectodomain was secreted apically and mutant constructs lacking the ectodomain were partially
missorted to the basolateral side. Constructs lacking the DTHL motif were partly found in
intracellular structures, and the construct lacking both, the DTHL motif and the ectodomain,
displayed the least prominent apical localization. The ectodomain might thus provide the main
apical sorting signal, while the PDZ domain secures apical retention by scaffolding podocalyxin to
the cytocortex and preventing its endocytosis. A function in apical retention has similarly been
postulated for the PDZ-binding motif of CFTR (Swiatecka-Urban, Duhaime et al. 2002).
On the apical surface, podocalyxin displayed a uniquely restricted localization. It was absent from
the outer rim of the apical membrane, as well as from a large circular area in the centre of the apical
membrane, the site from which the primary cilium emerges. Mutant constructs lacking the DTHL
motif, especially pcx-GPI, were not excluded from the centre area and even entered the cilium. The
outgrowth of the primary cilium is the final event during MDCK cell polarization (Bacallao,
Antony et al. 1989). How this is happening, and which membrane domain or organelle provides the
ciliary membrane, is still not clear. Membrane proteins involved in the pathogenesis of polycystic
kidney disease are restricted to the ciliary membrane and the basolateral surface (Pazour and
Rosenbaum 2002), indicating that targeting to these two membrane domains could be achieved by a
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similar mechanism. Still the question remains, how the components of the ciliary membrane are
prevented from mixing with those in the apical membrane. A diffusion barrier has not been
described. Extrapolating from the data obtained during the work of this thesis, selective scaffolding
from the cytoplasmic side could be one mechanism to maintain the domain identity. In this context
it is interesting to note that the apical marker YFP-GL-GPI and less frequently also PLAP could be
observed in the cilium (unpublished results), underlining the possibility that diffusion could be
prevented by cytoplasmic scaffolding and be less restricted in the exoplasmic leaflet.
Yet the most striking observation was the strict confinement of podocalyxin to the free surface of
single attached cells, again mediated mainly by the DTHL motif. This property was shared only by
NHERF-2 and ezrin, while all other apical proteins occupied the whole plasma membrane.
Recently, Baas and colleagues reported the complete polarization of single intestinal epithelial cells
upon activation of the serine/threonine kinase LKB1 by its adaptor protein STRAD (Baas, Kuipers
et al. 2004). Single cells overexpressing LKB1 and STRAD displayed an “apical pole” on their free
surface, featuring known apical membrane markers like CD26 (amino peptidase-N), CD13
(dipeptidyl peptidase IV), and CD66, a member of the carcinoembryonic antigen family that
includes the MDCK cell antigen gp114. Apical proteins were almost exclusively confined to this
pole, which even displayed microvilli and a dotted ring of vesicles or plasma membrane patches
containing the junctional proteins ZO-1 and p120 around it. Basolateral proteins on the other hand
were completely absent from the pole. Wildtype MDCK cells do not form such a clear “apical pole”
when they are plated as single cells in order to polarize to an epithelial sheet. Some features of the
membrane domain containing podocalyxin and NHERF were however similar to those observed by
Baas et al., with podocalyxin being in many cells restricted to a very confined domain that could be
localized on the dorsal pole of an attached cell or more towards one side. Also a dotted circular
staining of ZO-1 was sometimes observed in single cells, but has not yet been correlated to a
specific domain in the plasma membrane (unpublished results). The podocalyxin domain seems to
represent an earlier stage of polarization, since no segregation of apical and basolateral markers can
be observed at this time-point. Obviously, epithelial cells execute their polarization programmes in
different ways. Whether there are epithelial cells that create a pole containing many apical proteins
already at the single cell stage during their normal differentiation remains to be seen.
The studies on the function of podocalyxin have focussed on its role in the podocytes of the
glomerulus, the place where the protein is mainly expressed in the differentiated kidney. The foot
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processes of podocytes form a network of interdigitations wrapping around the endothelial cells.
The junctions between the cells are transformed to slit membranes through which the ultrafiltrate is
passed. Podocalyxin is localized on the apical surface of the podocyte foot processes and is thought
to be involved in keeping the slit membranes open for filtration. In accordance with this hypothesis,
podocalyxin knockout mice die soon after birth because of anuric renal failure (Doyonnas, Kershaw
et al. 2001). Furthermore, Farquhar and colleagues have demonstrated that podocalyxin has an anti-
adhesive effect in cell-cell interactions and that overexpression in MDCK I cells leads to junctional
defects (Takeda, Go et al. 2000). In an attempt to clarify whether podocalyxin is required for the
formation of a functional MDCK cell layer, the protein was knocked down by RNA interference.
MDCK cells expressing only residual amounts of podocalyxin (10%) slowed down their growth
and were less efficient in segregating apical and basolateral marker proteins once they became
confluent. The phenotype was transient and could be overcome by seeding the cells at higher
densities or by allowing them more time to polarize. The interpretation of this complex phenotype
is difficult. For one, it could be that the lack of a major building block in the apical membrane could
perturb the polarization process. Polarization is known to be initiated by cues from the extracellular
matrix or from cell-cell contacts, which then are responsible for establishing the basal sites that
transmit signals to the microtubule and the actin networks. The signals are transmitted further to the
secretory and endocytic apparatus in order to start the reorganization of the cytoplasm and the
plasma membrane, which in the end leads to epithelial polarity (Drubin and Nelson 1996). Still, it is
not clear how a local cue can affect the rearrangement of the whole cell. One idea comes from the
tensegrity model proposed by Ingber (Ingber 2003; Ingber 2003). Tensegrity is an architectural
principle relying on struts and elastic strings. Transferred to the cytoskeleton of a cell, microtubules
would be the struts keeping actin filaments, the elastic strings, under tension while they are
themselves resisting the resulting compression. Since the cytoskeleton forms a network spanning
the whole cell, a distortion on one end is likely to lead to compensatory distortions in the whole
network so that the underlying architecture stays intact. For attaching epithelial cells this could
mean that the counterpart of forming basal attachment sites could be the creation of an apical
platform. This apical scaffold could depend on transmembrane proteins like podocalyxin that have
C-terminal PDZ-binding domains, linking them to PDZ proteins and to actin. Furthermore, it would
not only be a structural entity, but could at the same time function as a regulatory device sending
signals that guide the establishment of cell-cell junctions and integrate this process with other
events working towards epithelial polarization. How such integration is accomplished from the time
when an unpolarized cell receives the first external cue until polarization is complete, will be
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difficult to unravel. However, the idea that cell architecture and mechanic regulation are linked by
signalling networks is attractive. Podocalyxin could be one of the structural guideposts during this
process.
Figure 33: Polarization model
1. Attachment of an unpolarized cell to the substratum provides the cue for the polarization process and
establishes the apical-basal polarity axis. 2. Integrins are sequestered at the basal surface to build the
attachment site, extracellular matrix (ECM) is secreted and the cue is transmitted into the cell. At the same
time, cytoskeletal rearrangements promote the formation of an apical scaffold on the opposing free surface,
mediated by PDZ binding and PDZ-domain containing proteins. Membrane components of the previously
unpolarized cell (purple) unmix due to selective scaffolding in either the apical (red) or the basolateral (blue)
domain. 3. Junctional proteins are transported to and sequestered at the sites of cell-cell contacts, and apical
and basolateral components are unmixed further by vesicular traffic. 4. In the terminally polarized cell,
distinct apical and basolateral domains are separated by tight junctions. The apical domain has matured to
its unique morphology displaying microvilli and the primary cilium.
In cells lacking podocalyxin, polarization is less efficient, but obviously podocalyxin can be
replaced - either by other PDZ-binding membrane proteins that take over its task, or by a different
mechanism of polarization. Epithelial polarization can in principle follow two scenarios: Either,
apical and basolateral membrane domains are segregated already before cell-cell contacts are
established and are then sealed off with the diffusion barrier of the junctions, or cell-cell junctions
are formed first and apical and basolateral membrane domains are unmixed afterwards by
membrane traffic. Most of the MDCK cell surface proteins seem to use the second mechanism and
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are first polarized after establishment of complete or incomplete junctions, a process that in MDCK
cells takes up to three days in order to be completed. Podocalyxin and NHERF-2, however, mark
the dorsal face of the cells much earlier than other proteins. This localization precedes the formation
of cell-cell junctions and is independent of microtubules, but requires an intact actin cytoskeleton.
This is an indication that instead of membrane traffic the formation of a scaffold involving
connections with the actin cytoskeleton is responsible for the development of this early apical
domain. The other two proteins achieving polarization later than podocalyxin but well before the
establishment of tight junctions, were the two cell adhesion molecules E-cadherin, mediating
adherence contacts in the lateral membrane, and ICAM-1 in the apical membrane. Most likely, also
these proteins become scaffolded in their target membrane domains, in the case of E-cadherin by
homodimerization with E-cadherin molecules from neighbouring cells, in the case of ICAM-1 by
binding to the actin cytoskeleton via ezrin (Heiska, Alfthan et al. 1998).
According to mathematical models, asymmetry can be established quite easily in response to an
external cue, and even spontaneously without a cue (Sohrmann and Peter 2003). Locally acting
feedback loops can create patterns and amplify an initially small signal towards the polarization of
the whole cell, like during the response to a chemokine. Yet these domains are most likely transient
and can fall apart as easily as they were established. It is therefore likely that the commitment to
terminal polarization with stable apical and basolateral domains has to involve the formation of
tight junctions, and that in a preceding step the newly formed polarized domains have to be
preserved by scaffolds. The data presented in the second part of this thesis point towards a role for
proteins containing PDZ-binding motifs and for PDZ proteins in the formation of a pre-apical pole.
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5 MATERIAL AND METHODS
5.1 Material
Cell lines: BHK (ATCC No. CRL-1632), PtK2 (ATCC No. CCL-56), MDCK II (ATCC No. CCL-
34), MDCK II-PLAP (MDCK II cells stably expressing PLAP under an RSV promoter, a gift from
Deborah Brown, New York, USA; Brown, Crise et al. 1989).
Antibodies: Hybridoma cells secreting antibodies against gp135 were made by G. Ojakian
(Ojakian and Schwimmer 1988) and were a gift from A. Muesch. Monoclonal antibodies against
HA (H17L10) were raised as described (Gerhard, Yewdell et al. 1981). Antibodies against PLAP
(Verkade, Harder et al. 2000), E-cadherin (Gumbiner and Simons 1986), gp114 and gp58
(Balcarova-Stander, Pfeiffer et al. 1984) have been raised in our lab. Other antibodies used were:
mouse anti 1-integrin (Chemikon International, Temecula, CA, USA), rabbit anti -tubulin (Santa
Cruz Biotechnology, USA), mouse anti transferrin receptor (Zymed Laboratories, CA, USA),
mouse anti ezrin (BD Transduction Laboratories, USA), mouse anti ICAM-1 was a gift from C.
Wayne Smith (Houston, USA), rat anti prominin-1 was a gift from Denis Corbeil (Dresden,
Germany), mouse anti stomatin (Garp50) was a gift from Rainer Prohaska (Vienna, Austria), and
rabbit anti VSVG-tag was a gift from Tommy Nilsson (Heidelberg, Germany). Secondary
antibodies for immunofluorescence were bought from Jackson Immuno Research (Dianova,
Hamburg, Germany).
Reagents: Myriocin, Fumonisin B1, Mevalonate, TRITC-Phalloidin and Benzyl-N-acetyl--D-
galactosaminide (BGN) were bought from Sigma (Deisenhofen, Germany), Alexa 488-Phalloidin
was from Molecular Probes (Leiden, Netherlands), Lovastatin, Latrunculin B and Nocodazole were
from Calbiochem (Merck, Darmstadt, Germany), Deoxymannojirimycin from Oxford
Glycosystems, UK, and N-glycosidase F and Neuraminidase were from Roche (Mannheim,
Germany).
Constructs: YFP-GL-GPI (Keller, Toomre et al. 2001) and LYGT46, a construct containing the
transmembrane domain of LDL-receptor fused on the C-terminus to the cytoplasmic tail of CD46
and on the N-terminus to glycosylated YFP (P. Keller, unpublished) were made in our lab.
MyrPalm-YFP was a gift from Roger Tsien (Stanford, USA), NHERF–2 cDNA was from Randy
79
Organization and formation of the apical membrane of epithelial cells
Hall (Atlanta, USA) and rabbit podocalyxin cDNA from David Kershaw (Michigan, USA). LYGT5
was cloned as a tailless variant of LYGT46, containing only 5 cytoplasmic aminoacids following
the transmembrane domain, as follows: The cytoplasmic tail of LYGT46 was deleted by PCR using
the following oligonucleotides: forward 5’-CAGTCGACGGTACCGCG-3’ (KpnI site underlined),
and reverse 5’-GCTCTAGATCTTAAAGCCGCCAGTTCTTCC-3’ (XbaI site underlined, STOP
codon bold). The PCR product was cloned into pGEMT (Promega) and colonies were checked by
PCR. DNA from positive colonies and original LYGT46 plasmid were transformed into E.coli
JM110, negative for dam methylation. The new insert was then transferred as a KpnI/XbaI fragment
out of pGEMT into KpnI/XbaI digested vector backbone from LYGT46.
Adenoviruses: Adenoviruses expressing wtHA-M2-YFP, a construct containing WSN-influenza
hemagglutinin fused to the cytoplasmic tail of the influenza M2 protein and C-terminally tagged
with YFP, YFP-GL-GPI, LYGT46 (P. Keller), or PLAP (J. Fuellekrug) were made in our lab using
the AdEasy
TM
 system (Qbiogen, Heidelberg, Germany).
5.2 Cell culture
MDCK II cells and MDCK II cells stably expressing PLAP were maintained in minimal essential
medium (MEM; with Earle’s salts, Gibco BRL, Invitrogen, Karlsruhe, Germany) supplemented
with 2 mM L-glutamine, 5% fetal calf serum (FCS, PAA Laboratories, Austria), penicillin,
streptomycin (both Gibco), and for the latter ones also with 250 µg/ml Geneticin (G418, Gibco).
For routine culture, confluent cells were detached by incubation in trypsin/EDTA (Gibco) for 15
min at room temperature, followed by 15 min incubation with lower trypsin/EDTA amounts at
37°C. For experiments in part II, cells were either detached by incubation in trypsin/EDTA for 30
min at 37°C, or cells were kept in S-MEM (Gibco) with 10% dialyzed FCS over night, followed by
a 40-60 min incubation in 1 mM EDTA/PBS at 37°C. No difference in localization for any proteins
was observed, but staining efficiency for podocalyxin was improved when omitting trypsin
(Ojakian, Schwimmer et al. 1990). For terminal polarization, cells were cultured on polycarbonate
filters (Corning Costar, USA) in MEM/10% FCS for up to 4 days with daily medium changes. BHK
cells were maintained in G-MEM (with Glasgow’s salts, Gibco) supplemented with 5% FCS, 10%
tryptone broth (Gibco), 2 mM glutamine, penicillin, streptomycin, and 10 mM Hepes pH 7.2.
Confluent cells were detached by incubation with trypsin/EDTA for 2 min at 37°C. PtK2 cells were
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maintained in MEM supplemented with 10% FCS, 2 mM glutamine, penicillin, streptomycin and
non-essential amino acids (Sigma, Deisenhofen, Germany). Confluent cells were detached by
incubation with trypsin/EDTA for 10 min at 37°C.
5.3 Transfections
Transiently transfected MDCK cells as well as stably expressing MDCK cell pools were generated
by nucleofection with Amaxa
TM
 technology using 5 µg of cDNA for 1x106 cells. For single cell
analysis, cells were transfected one day prior to re-plating onto coverslips. Stable cell pools were
generated by selection with 0.5 mg/ml G418 for two weeks, and were used for analysis of filter
grown cells. Transfection of attached and already polarized MDCK cells was achieved by
Adenovirus mediated gene expression. Cells were infected with adenoviruses carrying the cDNA of
interest for 1 h at 37°C in medium without serum, the inoculum was removed, and cells were
supplied with culture medium. Expression levels were optimal starting 12 h after infection.
Adenovirus mediated transfection was also used for BHK cells. PtK2 cells were routinely
transfected with FuGene 6 reagent (Roche, Mannheim, Germany), using 0.4 µg DNA and 0.6 µl
FuGene reagent for subconfluent cells in one well of a 24 well plate. Cells were used for
experiments 1 or 2 days after transfection.
5.4 Manipulation of raft lipids
For metabolic depletion of raft lipids, MDCK cells were cultured for 1 day in plastic dishes or
directly on glass coverslips and allowed to form a monolayer. In order to inhibit the synthesis of
glycosphingolipids, cells were incubated in culture medium containing either 25 µg/ml fumonisin
B1 or 10 µM myriocin for 48 h. To inhibit cholesterol synthesis, cells were grown in culture
medium containing 4 µM lovastatin and 250 µM mevalonate for   48 h. In some experiments,
cholesterol was additionally extracted from the plasma membrane by treatment with 10 mM
Methyl--cyclodextrin (MbCD), freshly prepared in medium without serum, for 30 min at 37°C.
Cells were stained with Rhodamine 123 (10 µg/ml, 10 minutes) to confirm that the treatment with
inhibitors was not lethal.
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5.5 Lipid analysis
Lipids from roughly 2x10
6
 cells were extracted according to Folch et al. (Folch, Lees et al. 1957).
Lipids were resolved by two sequential thin layer chromatography (TLC) runs, first in
chloroform/methanol/water (65:35:8), second in hexane/ethylacetate (5:1), stained with sulphuric
acid spraying and quantified using Image Gauge V3.3 (Fuji, Japan).
5.6 Atomic force microscopy (AFM) and image analysis
AFM imaging was conducted using a NanoWizard (JPK Instruments, Berlin, Germany), mounted
on a Zeiss Axiovert 200M (Carl Zeiss, Goettingen, Germany). Before imaging, cells were fixed for
15 minutes with 2% glutaraldehyde or 4% PFA in PBS. Imaging of cells was performed at room
temperature in PBS containing 1 mM CaCl2 and 0.5 mM MgCl2,. To compensate for evaporation,
the buffer was exchanged at regular intervals of 1 hour. Topographs were taken in low force contact
mode using 200 µm long V-shaped cantilevers with nominal spring constants of 0.06 N/m. The
force applied to the cantilever was adjusted manually to about 50 pN. This force was just sufficient
for the stylus of the cantilever to remain in contact with the surface during the scanning process. To
optimise image quality, the scan rate was kept between 0.3-0.6 Hz. Topographs and error signal
images were collected simultaneously, in both the trace and retrace directions.
In some cases, as noted in the figure legend, particular images were processed to reveal edges, using
the Soebel edge detection function of the JPK image processing software (JPK Instruments, Berlin,
Germany). To enhance visualization of microvilli, the AFM image background, calculated by image
erosion, was subtracted from the original image using MATLAB (Math Works, Massachusetts,
USA).
5.7 Antibody clustering
Antibody mediated clustering of surface antigens was performed at 10°C on living cells. Cells
grown on coverslips were cooled on ice prior to incubation with antibodies. Mixtures of primary
and later of secondary antibodies were prepared in cold CO2-independent medium (Gibco)
containing 20 mg/ml BSA. Antibodies were diluted as for immunofluorescence, i.e. rabbit anti
PLAP and mouse anti HA both 1:100, Cy3-labelled secondary antibodies 1:1000, and Cy5-labelled
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secondary antibodies 1:250. The cells were incubated for 1 h at 10°C with the respective
combination of primary antibodies, briefly washed by dipping into a beaker with cold PBS, and
further incubated for 1 h at 10°C with a mixture of secondary antibodies. Cells were pre-fixed with
4% PFA in the cold for 5 min and subsequently fixed by a 3 min incubation in methanol at -20°C.
Coverslips were mounted in Mowiol containing 100 mg/ml DABCO and imaged with a 100x oil
immersion objective (numerical aperture 1.35) on an Olympus BX61 fluorescence microscope
equipped with a RT SPOT CCD-camera and Metaview software (both Visitron systems, Puchheim,
Germany). Micrographs were arranged using Adobe Photoshop and Illustrator (Adobe Systems,
Mountain View, CA, USA).
5.8 Fluorescence Recovery after photobleaching (FRAP) experiments
FRAP experiments were performed at room temperature on a Zeiss LSM 510 using a 63x oil
immersion objective with a numerical aperture of 1.4 and the 488 nm line of the Argon laser. PtK2
cells growing on coverslips and expressing a YFP fusion protein were mounted in aluminium slides
holding a small volume of CO2-independent medium supplemented with 5% FCS, which were
sealed to prevent evaporation. Terminally polarized MDCK II cells growing on polycarbonate
filters and expressing a YFP fusion protein were cut out from the filter holder, the filter was placed
cells facing up on a conventional glass slide, supplied with a small volume of CO2-independent
medium containing 5% FCS, and covered with a 24x60 mm coverslip which was carefully placed
onto four small drops of nail polish supplied in every corner of the slide to function as spacers. The
chamber was sealed off with a 1:1:1 mixture of paraffin, vaseline and lanolin. Cells were scanned
with 0.2% laser output intensity in order to avoid bleaching during the recording and fluorescence
was collected from a 1.4 µm thick slice (pinhole 2 airy units) including only the (apical) plasma
membrane. After 2-5 pre-bleach scans, a circular area of 6-13 µm
2
 (indicated in the figure legends)
was bleached with a 1-3 sec pulse of 100% laser output to 10-60% of initial intensity. Directly
following, images were recorded at 1 sec intervals, which were later extended to 5 sec and 10 sec.
Recovery was routinely recorded for 3 min in order to minimize the influence of membrane traffic
on the recovery curves. When the plateau of the recovery curve was not reached after 3 min, a few
longer recordings were taken. All FRAP measurements were done at 24°C and one sample was not
used for longer than 1 h.
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5.9 FRAP data analysis
Fluorescence intensities in the bleached region are given for every frame in the Zeiss LSM
software. As a reference area, the whole cell was chosen and fluorescence intensities for every
frame saved within the software. A table with these two intensity values for every time point during
the FRAP experiment was then exported to Excel (Microsoft, USA), where the data was corrected
for bleaching during the recording. Relative fluorescence in the bleached area over time Rt was
calculated according to the following equation:
Rt =
Itotal(0)
Ibleached (0)
 Ibleached ( t )
Itotal(t )
in which Itotal(0) is the total intensity of the cell before bleaching, Ibleached(0) is the total intensity of the
bleached area before bleaching, Ibleached(t) is the intensity of the bleached area over time (directly
after bleaching and during recovery), and Itotal(t) is the intensity of the whole cell over time. Relative
intensities are plotted against recording time either as a series of curves from individual
experiments or as an average curve with standard deviations for each time point.
In order to obtain comparable values for the diffusion kinetics of the different molecules, data series
were fitted to a function for two-dimensional, lateral diffusion (Yguerabide, Schmidt et al. 1982):
I(t) =
I0 + (Imax  t) Thalf
1+ t Thalf
whereby Io gives the initial fluorescence intensity directly after the bleach, Imax the intensity at
infinite recovery time, and Thalf the time point when the half maximal recovery is reached. In cases
where a series of recordings was done with the same spacing of time points, individual data sets
were averaged first and then fitted to the formula above. In cases where individual recordings all
had different time intervals, every single data set was fitted and all fits were averaged afterwards.
The correlation coefficient R
2
 indicating the goodness of fit and reaching 1.0 in optimal fits was
usually between 0.95 and 0.99 indicating that the values obtained from the fits confidently matched
the original data.
5.10 Immunolabelling
For immunofluorescence, MDCK cells grown on coverslips or polycarbonate filters were fixed at
room temperature with 4% PFA and permeabilization was performed either with 0.1% Triton X-
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100, or with 0.1% saponin followed by continuous incubation in 0.01% saponin throughout the
whole labelling procedure. Antibody incubations were 1 h each at room temperature, and cells were
mounted in Mowiol containing 100 mg/ml DABCO. Non-attached cells were fixed in suspension
with 4% PFA, rotating end over end for 30 min at room temperature. Antibody incubations were
similarly done with cells rotating end over end; for washes, cells were pelleted and resuspended in
fresh buffer. Cells were mounted in 10% gelatine between glass slide and coverslip and sealed
against drying with nail polish.
5.11 Confocal microscopy
Micrographs of actin containing microvilli in the first part of the results section were generated as
follows: Cells were grown on 22 mm coverslips and fixed with 2% glutaraldehyde for 30 sec,
followed by 3 % paraformaldehyde for 20 min. The cell membrane was permeabilized with 0.5%
Triton X-100 for 60 sec, and the F-actin labelled with Alexa 488-phalloidin (Molecular Probes),
diluted 1:1000 in PBS from manufacturer’s suggested stock. Cells were then imaged in PBS with an
LSM 510 Meta (Carl Zeiss , Jena, Germany) using a 63 x 1.2 NA water immersion objective.
For all other micrographs in this document, confocal microscopy was either performed on a Zeiss
LSM 510 (Carl Zeiss, Jena, Germany) using a 63x oil immersion objective with a numerical
aperture of 1.4, or on a Leica TCS SP2 (Leica Microsystems, Bensheim, Germany) using a 63x oil
immersion objective with a numerical aperture of 1.32. Images were acquired with computer
controlled laser excitation at 488 nm and 543 nm either in the sequential scan mode, or laser
intensities were adjusted to avoid bleed-through into the respective other channel during
simultaneous scanning. Recording intensities were adjusted to avoid over-exposure. Stacks were
acquired by recording multiple horizontal images of 300 nm thickness with a pinhole of 1 airy unit.
Micrographs are presented either as single confocal planes, as a merged image of several confocal
planes, as vertical sections generated from confocal stacks with the Zeiss LSM software, or as a
merged image of several vertical sections generated by reslicing a confocal stack with Image J
software (Wayne Rasband, NIH, USA). Micrographs were arranged with Adobe Photoshop and
Illustrator (Adobe Systems, Mountain View, CA, USA).
85
Organization and formation of the apical membrane of epithelial cells
5.12 Opening of tight junctions
MDCK cells were cultured on coverslips 1 day past confluency. Tight junctions were opened by a
15 min treatment with 2 mM EDTA and 2 µg/ml Latrunculin B in CO2-independent medium at
37°C. Cells were washed, fixed with 4% PFA, subjected to immunofluorescence and analyzed by
confocal microscopy.
5.13 Inhibitor treatments
Confluent MDCK cells grown in plastic dishes were pre-treated for 45 min or 1 h with culture
medium containing 2 µg/ml Latrunculin B or 33 µM Nocodazole. Cells were detached with
trypsin/EDTA, resuspended in culture medium containing the respective inhibitor, pelleted for 5
min at 800 rpm to remove trypsin, resuspended again in medium containing inhibitor, and seeded
onto coverslips. After incubation for indicated times, cells were removed from the 37°C incubator,
fixed with 4% PFA, subjected to immuno-fluorescence, and analyzed by confocal microscopy.
5.14 Deglycosylation
MDCK cells were grown for two days in MEM, 5% FCS containing either 1% DMSO, 1 mM
deoxymannojirimycin (Oxford Glycosystems, UK) or 4 mM Benzyl-N-acetyl--D-galactosaminide
(BGN; Sigma, Deisenhofen, Germany). Cells were lysed directly in SDS gel sample buffer. After
boiling and sonication, samples were analysed by SDS gel electrophoresis and Western blotting.
Peptide N-glycanase F (Roche Molecular Biochemicals, Mannheim, Germany) digestion was
according to manufacturer’s recommendations on immunoprecipitated gp135. Neuraminidase (A.
ureafaciens, Roche 269611) digest was for 45 min on living cells using 40 mU on 2x10
6
 freshly
detached cells.
5.15 Purification of gp135
Hybridoma cells 3F2 (Ojakian and Schwimmer 1988) were grown in serum-free HyQ SFX-MAb
medium (HyClone, Logan, Utah, USA) for 2 weeks. Supernatants containing IgG were clarified by
centrifugation at 10,000 x g, adjusted to 20 mM HEPES pH 7.2, filter-sterilized and concentrated
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with spin columns (Centrikon YM-30). Final IgG concentration was 0.6 g/l.
MDCK cells were grown on plastic dishes corresponding to a surface area of 0.9 m
2
. Cells were
collected in PBS, washed with TNE (20 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA) and gently
homogenized with ice-cold TNE containing 1% (w/v) Triton X-100. After incubation on ice for 30
min, the solution was adjusted to WGA buffer (10 mM Hepes 7.4, 1 mM MgCl2, 1 mM CaCl2, 150
mM NaCl, 0.1% Tx-100) and insoluble material sedimented for 1 h at 100,000 x g. The clarified
supernatant (120 mg protein) was circulated over night over a 5 ml WGA-agarose
(AmershamPharmacia) column. After washing with 50 ml WGA buffer, glycoproteins were eluted
with 0.3 M N-acetyl-glucosamine in WGA buffer. Fractions were concentrated by spin columns
(Centrikon YM-30), and the final yield was 0.45 mg protein. For immunoprecipitation, the solution
was adjusted to pH 6.0 with 1 M potassium phosphate buffer and 12 µg IgG added. After
incubation for 2 h at RT, IgG were collected with protein-G sepharose, washed, and bound proteins
solubilized in SDS gel sample buffer. A gp135 protein band for subsequent identification by mass
spectrometry was obtained by SDS gel electrophoresis and visualized by Coomassie staining.
5.16 Mass spectrometry
A protein band running at ca 130 kDa on the gel was excised and in-gel digested with trypsin
(Promega) as described (Shevchenko, Wilm et al. 1996). Tryptic peptides were extracted from a gel
matrix by 5% formic acid and acetonitrile, extracts were pooled and dried down in a vacuum
centrifuge. The peptides were sequenced by nanoelectrospray tandem mass spectrometry on a
QSTAR Pulsar i quadrupole time-of flight mass spectrometer (MDS Sciex, Canada). Uninterpreted
MS/MS spectra were first used to search a protein sequence database MSDB using Mascot software
(Matrix Science Ltd, UK) v.1.8 installed on a local server. Spectra that were not matched by
Mascot, were manually interpreted. The interpretation of each spectrum generated a few redundant
sequence candidates, which were assembled into a single MS BLAST query string as described
previously (Shevchenko, Sunyaev et al. 2001; Shevchenko, Sunyaev et al. 2002). MS BLAST
searches against a non-redundant protein database nrdb95 were performed on a web server at
http://dove.embl-heidelberg.de/Blast2/msblast.html.
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5.17 Cloning of dog podocalyxin
Alignment of amino acid sequences for mammalian podocalyxin proteins (human (Kershaw, Beck
et al. 1997), rabbit (Kershaw, Thomas et al. 1995), rat (Takeda, Go et al. 2000) and mouse (Hara,
Nakano et al. 1999)) showed high conservation for the transmembrane domain and the cytoplasmic
tail. Even the alignment of nucleotide sequences displayed sufficient homology to design
oligonucleotide primers for PCR. A cDNA MDCK library (A. Manninen and K. Simons,
unpublished) was used as a template. Initially, the presence of podocalyxin was confirmed by using
2 primers covering the cytoplasmic tail region (s2, a2). Sequencing of the PCR fragment showed
that dog podocalyxin displayed highest homology to rabbit cDNA. This partial dog sequence was
used to design additional primers which matched the dog sequence exactly (a4). A sense primer
(ss6) corresponding to the plasmid backbone (sport6) of the cDNA library produced a 1.1 kb
fragment (200 ng cDNA library template, 5 cycles at 65°C, 25 cycles at 60°C, extension time 3
min, primers ss6, a4). The same size fragment was obtained after nested PCR using primers M13r,
a1 and M13r, a2. By sequencing, both fragments proved identical. However, the N-terminus was
not contained within the derived sequence. Other attempts using RACE protocols were also not
successful. Translation of the derived cDNA sequence confirmed exactly the peptide sequences
derived from MS/MS microsequencing. A dog genomic shotgun database
(http://www.ncbi.nlm.nih.gov/BLAST/mmtrace.shtml) probed with the obtained sequence revealed
nucleotide identity over the putative exon sequences. Translation of genomic sequence
G630P648487FG10.T0 covering the 5’ end of the obtained cDNA sequence extended the 5'
sequence end, and presumably ended directly before the signal sequence. One of the peptides
obtained by MS/MS (KGIPDLNK) was found in this region, suggesting the exon extends beyond
the 5’ end of our obtained cDNA (see figure 23). All oligonucleotide sequences are supplied in
table 1.
5.18 Podocalyxin domain constructs and NHERF2-GFP
All cDNA sequences were constructed by PCR, subcloned into the expression vector pcDNA3 and
sequenced for verification. The N-terminus always comprised a signal sequence-epitope tag cassette
composed of the signal sequence of human CD8 (MALPVTALLLPLALLLHAARP), and the
VSVG epitope tag P5D4 (YTDIEMNRLGK). The mucin domain containing constructs are based
on rabbit podocalyxin cDNA (David Kershaw, University of Michigan, MI, USA) (Kershaw,
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Thomas et al. 1995). PCR products were digested with ClaI and NotI, and cloned into ss-tag-
pcDNA3 containing the signal sequence and the first half of the epitope tag. Primers used were: pcx
(s-rb, a-sN), pcx-ct (s-rb, a-nP), pcx-tail (s-rb, a-notail). The pcx-muc domain construct was
obtained directly by PCR of the MDCK cDNA library using primers s-muc, a1. GFP containing
plasmids were derived from the pcx-muc plasmid again by PCR. The pcx-GPI plasmid was
derived by PCR (primers s-rb, a-gpi), digested with ClaI and BamHI and joined with the GPI
anchor fragment. The sequence coding for attachment of a GPI anchor was derived from CD58
(Swiss-prot P19256; amino acids 207-237) and obtained as a BamHI-NotI fragment from pN1-
FcRGPI (Keller, Toomre et al. 2001). Fusion proteins with glycosylated GFP in place of the
podocalyxin ectodomain were established by PCR with primers s-EDRF and a-sN, a-nP, a-notail.
Glycosylated GFP (ssP5D4-GFP-gl) was constructed by PCR with primers sET-GFP and a-glyc.
The translated proteins are composed of a secretory GFP followed by a 16 amino acid glycosylation
tag from human rhodopsin (NGTEGPNFYVPFSNAT) (Bulbarelli, Sprocati et al. 2002). All
oligonucleotide sequences are supplied in table 1.
A plasmid containing the cDNA coding for human NHERF-2 (Li, Li et al. 2002) was kindly
provided by Randy Hall (Emory University School of Medicine, Atlanta, GA, USA). The cDNA
was cut out by restriction digest with EcoRI and KpnI, and ligated into plasmid pEGFP-C2 (BD
Biosciences, San Jose, CA, USA), resulting in a fusion protein with N-terminal GFP and C-terminal
NHERF-2. Constructs were sequenced to ensure identity to database entries.
5.19 Secretion assay
MDCK cell pools stably expressing pcx-ecto were allowed to polarize for 3 days on polycarbonate
filters. To assay apical and basolateral secretion of pcx-ecto, cells were washed twice with
Optimem (Gibco BRL, Karlsruhe), and then incubated for 2 h with 0.5 ml Optimen each applied to
the apical and basolateral chambers. Supernatants were collected separately and cell debris was
pelleted for 5 min at 1000 x g. Proteins were methanol precipitated, solubilized in SDS sample
buffer and analysed by SDS-PAGE and Western blotting.
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5.20 RNA interference
Six different target sequences of 19-21 nucleotides length throughout the dog podocalyxin sequence
were chosen for construction of RNAi plasmids. Oligos were designed according to (Tuschl 2001),
annealed and ligated into pSuper (Brummelkamp, Bernards et al. 2002). Plasmids were sequenced
and the hairpin coding sequence transferred into the retroviral plasmid pRVH1-puro. Transfection
of the retroviral packaging cell line yielded retroviral supernatant for transduction of MDCK cells.
After puromycin selection, cells were grown up and assayed by real time PCR for podocalyxin
mRNA. (for a detailed description see Schuck, Manninen et al. 2004). Depletion of mRNA levels
reached from 30-80% at day 10 after transduction, depending on the target sequence. Construct P5
containing the most efficient hairpin sequence was used in further studies (see table 1 for oligo
sequences).
The knockdown effect declined fast in P5 transduced cells. To keep podocalyxin levels down more
consistently, a two-step nucleoporation (amaxa biosystems, Cologne) protocol developed earlier
was combined with transduction of MDCK cells. MDCK cells were transduced on day 1, selected
for puromycin resistance on day 2 and 3, and grown up without antibiotic. At day 9 after
transduction, 10
6
 cells were electroporated with 5 g of P5, pSuper or control plasmid and seeded
onto 10 cm
2
 wells. On day 11 after transduction, cells were pooled and counted, and electroporation
was repeated. For analysis of protein levels, cells were lysed directly in SDS sample buffer without
reducing agent. Protein concentration was determined (BCA; Pierce), adjusted to 1 g/l, 1% -
mercaptoethanol added, and 15 g total protein analysed by gel electrophoresis and Western
blotting. For counting, 10
6
 electroporated cells were split in five aliquots and seeded on 10 cm
2
plastic petri dishes. Each day, cells from one petri dish were trypsinized and counted. For
polarization analysis, cells were seeded first onto plastic dishes. 4 h later, cells were washed,
trypsinized and 2x10
5
 cells seeded onto transparent 12 mm transwell filters. After 24 h cells
displayed a closed monolayer. Medium was changed daily, and the cells were analysed by
immunofluorescence on day 3 after seeding. Control plasmids contained hairpin sequences which
were not effective.
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Table 1
abbrev. oligo sequence
designation
a1 a1pcx-stop TTAGAGGTGCGTGTCTTCCTCCTC
a2 a2pcx-EMQE TGACCACCTTCTTCTCCTGCATCTC
a4 a4pcx GTCATGGTAACCATTCTCCACCGTCTGC
a-glyc ACGTGCGGCCGCTTAGAATTCCGTCGCATTGGAGAAGGGCACGTAGAAGTTAGGGCCTTCTGTGCC
ATTCTTGTACAGCTCGTCCATGCC
a-gpi ACGTGCGGCCGCTTAAGGATCCAAGGGCATGCTGAAGCGGTCCTCCGTCTC
a-notail ACGTGCGGCCGCTTACTTCCGGTGGCAGCAGCCGTAGAGGGC
a-nP no DTHL ACGTGCGGCCGCTTACTCCTCCTCGTCCAGGTCATCC
a-sN ACGTGCGGCCGCTTAGAGGTGCGTGTCCTCCTCCTCG
M13r M13 reverse GGAAACAGCTATGACCATG
pcx5a AGCTTTTCCAAAAACACTGGAAGTGATGGAGACCTTCTCTTGAAAGGTCTCCATCACTTCCAGTGGGA
pcx5s GATCTCCCACTGGAAGTGATGGAGACCTTTCAAGAGAAGGTCTCCATCACTTCCAGTGTTTTTGGAAA
s2 s2pcx-LIIT CTCATCATCACCATCGTCTGCATGGC
sET-GFP CGAAATGAATCGATTGGGTAAGATGGTGAGCAAGGGCGAGGAGC
s-muc CGAAATGAATCGATTGGGTAAGGATGACAGGATAAAGTGCGAATC
s-rb CGAAATGAATCGATTGGGTAAGGAATTCCAGGAAAAGAGTCCCCAGCCCG
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